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FORE :.'UR)

The study presented in this report was perforned for the office of Life

Science Programs, National Aeronautics and Space Administration under Contract

Nu. Nasr - 16. The work was accomplished under the jurisdiction of Captain

Frank F. Voris, MC USN, Assistant 1Director of Aerospace Medicine.

The program has been an interdiaciplinary study of biological mechanisms,

particularly biosensors, for application to instrumentation design and engineer-
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1. Introduction

This report summarizes the results to date of a review of biological

mechanisms for application to instrument design, performed for the National

Aeronautics and Space Administration, Office of Life Science Programs, under

Contract NASR-16. The report is published in two documents:

ARA-1025 Summary Report on a Review of Biological Mechanisms

for Application to Instrument Design, and

ARA-1026 Bibliography on Biosensors, a Sampling of the V, orld

Literatare 1900-1961 (Second Edition).

The compilation of ARA-1026 accounts for a considerable portion of the

effort expended during this program. It is an extensive bibliography compiled

through a survey of the literature covering the field of biosensors. After a sub-

stantial amount of references had been accumulated fur the bibliography, an

interdisciplinary analysis of the collected data was commenced for the purpose of

revealing information of interest to instrumentation designers. Progress in this

preliminary analysis is reported in the present document, ARA-10Z5.

It must be emphasized that the data analysis reported here has been a pilot

program, in which several approaches have been tried and evaluated. This pilot

program has provided the project team the opportunity to resolve many of the

difficulties that naturally arise in a study of this sort. These difficulties primarily

concern the techniques for assimilation, review, and interpretation of biologically-

slanted data and their translation into terms and groupings useful to the engineer.

In the relatively short time available for the analysis, a successful methodology

has been evolved which can be employed in a continuing program to provide a

comprehensive guide for the adaptation of biological systems to instrument

desi-n. The pilot program reported here provides examples of techniques which.

it is believed, provide a usef I basis for continuation of this work on a broader

scale.

1-1
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1.1 General Background

It is very natural - indeed inevitable - that one ask what value can derive

to the benefit of instrument design from a generalized study of biosensors. It

must be said frankly that there are some very capable designers that will never

be able to benefit from such a study. But of this latter statement, the same may

be said in connection with the transistor, the laser, and perhaps the "neuristor"

described in a later section. Nevertheless, our technology requires a constant

influx of new concepts and knowledge. The pressures being brought to bear on

our space exploration programs are accelerating the need for advances in many

areas of instrumentation. There is little assurance that all these needs win be

adequately met by the conventional processes of refining or inventing strictly

"physical" measuring devices and systems. What is hoped for is a new approach

to instrument development that has the potential of yielding superior classes of

instruments to anticipate and meet some of these new needs.

Among those concerned with the development of new instrumentation, one

may find two fundamentally distinct dispositions. Many workers are disposed

toward doing the best possible job within the framework of the currently recog-

nized technology. The virtues of this approach are not to be dismissed. But it is

those who are disposed toward the exploitation of radically new concepts that will

profit from the approach represented by this study.

One need not become involved with theology to appreciate that nature repre-

sents a truly remarkable technology - a technology that has evolved quite indepen-

dently of our own, or of our system of thought. Except for the fact that we have

become conditioned to its presence and have gained some very fragmentary

information about it, one might compare it to a technology developed by a newly-

discovered extraterrestrial society. Now certainly, if sh a society were to

come to our attention, we would spare no effort to acquire the most detailed

knowledge possible about what they do and how they go about it. It would be very

difficult, of course, because their methods would have been conceived in non-

human "minds" and with non-human "motives'! Their techniques, in many cases,

would simply not make sense to the human engineer. Because of these difficulties,

the undertaking would be a costly one; but we would do it nevertheless. Why not,

l-Z
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then, undertake the relatively sinipler task of exploiting that technology repre-

sented by biological organisms, specifically by biosensors? They are here, are

gener&lly not hostile, and we do have a small beginning toward their understanding.

The basic objective of this program is to provide the field of instrumentation

with a new area of insight and techniques that may be exploited to advance the

state of the instrumentation art. The program consists of a study in biosensurs -

not a philosophical comparison of the world of nature and the field of instrument

engineering. However, a few such comparisons are helpful in setting the back-

ground for the biosensor study and in understanding some of its potential utility.

Perhaps the best way to commence this line of investigation is to examine

some of the fundamental differences between the ways that things are done in

nature and in instrument technology. It is necessary, first of all, to make a

distinction between the methods employed in nature, which will be termed the

biotechnology, and the study by man of those methods, which is conventionally

called biology. With this distinction in mind, it is then possible to compare the

biotechnology with our own technology. These may be compared conveniently

on the basis of five characteristics: design, materials, fabrication techniques,

control mechanisms, and evolution A the technologies. These will be taken up

in urder.

Design

In the human technology, design often reflects the mental prucesses of the

designer. An engineer usually likes to build his devices, no matter how compli-

cated, out of sinple well-understood building blocks. In this way, his mind can

cope with the design, fabrication, and maintenance of very complex systems.

The biotechnology, on the other hand, apparently employs completely different

"design" methods. While we do perceive the use of building blocks of a sort in

nature, the techniques and motives in bioligical design remain largely a mystery.

In contrast to the drawing board approach associated with human design, it is said

that organisms evolve by a trial-and-error process involving random mutations

and natural selection.

1
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Materials

The differences in the materials of the two technologies are more readily

described and understood than the differences in design technique. The human

engineer builds his devices from uniform, macroscopic pieces of material. If a

product of our technology were to be examined under a microscope capable of

showing individual molecules, no pattern other than the natural crystal structure

would be seen in the arrangement of individual molecules, or small groups of

molecules, It is not until very large numbers of molecules are observed at one

time that a humanly designed pattern will be discerned. It is to be noted that

patter, form, or detail structure - contrasted with uniformity or a random

mixture - is an essential characteristic of any product of our technology and pro-

bably also of the biotechnology. (The existence of a detailed pattern in the

particles of certain meteorites has, for example, been taken as an indication that

they are possibly fossils of extraterrestrial life forms. ) In the products of the

biotechnology, pattern or structure will often be observed within the assemblages

of individual molecules, small groups of molecules, or cells. In fact it seems

that as larger and larger groups of molecules are observed in organisms, the less

complex the patterns and structure become - which is in direct contrast to what

happens in our own technology. For example, in many animals there are pumps.

valves, pipes, etc., that are rather similar in broad outline to the relatively

simple hydraulic components of our own technology. The fine detail or pattern

of the structural tissue of these components is however, very complex, whereas

the fine structure of the metals, plastics, etc., out of which pumps and valves

are made in our technology is very simple. It is also to be noted that the products

of our own technology are, in general, much more closely controlled than those

of living things. Thus the difference between two Foeing 707' s of the same type

will be very small. However, there will be substantial differences between, for

example, two elephants - even if they have the same parents.

It is probably an essential corollary of differences already noted that the

basic materials of the two technologies are different. The materials of the bio-

technology are made up of very complex molecules. They are stable only over a

very narrow range of physical conditions. They exist, very often, only as a

1-4
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result of the myriad processes of life and thus life support is often essential for

the maintenance of these materials in their operating conditions. A particular

limitation of the materials of biotechnology is the absence of good electronic

conductors and insulators. In our own technology, materials are, or, the whole,

made up of very simple molecules. They are stable over a wide range of physical

conditions and generally require nothing at all comparable with the life support

involved in biological materials. Electronic conductors and insulators make

possible the transmission of power and information by electronic conduction.

Fabrication Techniques

The differences already discussed between the two technologies are ob-

viously very great. However, one extraordinary difference is in the methods

and motive power of fabrication. ]Bio-materials are able to grow themselves by

spontaneous selective grouping of molecules. This growth appears to be under

the control of very complex "blueprint" molecules. The materials are fabricated

and deposited in an organized way to make up the complex macro-systems uf the

organism. For example, in the growth of the human eye many complex materials

have to be manufactured and then built up to construct the total "eye system". In

complete contrast, the basic materials of the devices of our technology have to

be collected, purified, machined, assembled into systems, tested - and all these

processes have to be directly or indirectly under the control of a human. Consider

for example the material resources and many human skills required to make a TV

camera - admittedly only a very poor analog of the human eye. In the biotechno-

logy the eye grows spontaneously. There seems to be absolutely nothing in our

technology, not even of the most primitive nature, that is in any way analogous

to the fabrication technique of growth which occurs in the biotechnology. The

technique of crystal growing, which does involve direct fabrication of a macro

structure from individual molecules, cannot be considered equivalent to biological

growth, as the pattern or structure of the resulting crystal is not under our

control.
In addition to the differences in material and inotive power of fabrication,

there is the interesting item of scale. This can be stated simply. Nature always

builds M from the cellular level regardless of the physical size of the product.

1-5
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Man, on the other hand, is generally required to build down, that is to begin with

gross units of material which are then cut, machined, or otherwise processed to

remove excess material. As the product becomes smaller, it becomes more

difficult to handle and the process becomes more difficult to control.

This characteristic of the human technology has probably evolved because of

the physical size of man, since his size limits the spatial resolution of his motions,

His methods of fabrication have generally involved manipulation of the materials,

in at least one stage of manufacture, either manually or by machines constructed

to his own or a larger scale.

In recent years these limitations have been eased somewhat. Man has

learned to manipulate material using smaller-scale methods such as the micro-

manipulators employed in biological research. He has also learned to manipulate

on the atomic and subatomic level by means of electrical and magnetic fields.

It appears that, until the secret of controlled growth is resolved, the best

opportunity for construction on the microscopic level lies in these latter tech-

niques - material manipulation by electric and magnetic fields. This idea is

discussed further in Section 1. 3.4.

Control Mechanisms

As in our own technology, control mechanisms play a vital role in bio-

systems.

A control mechanism can be considered, in general terms, as consisting of

a source of information (i.e. an input from the environment), information trans-

mission circuits, an information processing function and an information output

device (i.e. a means with which to effect the environment). Of these four items,

it is the mechanism of information processing in which there is the greatest

contrast between our own and the biotechnology. Thus, for example, the eye is

somewhat similar to a TV camera, the optic nerve analogous to a multi-wire

telephone cable. Skeletal joints and muscles are not too different from electro-

mechanical systems in our own technology. However, the data processing function

(e. g. pattern recognition) that is performed by the brain (and retina) is of a

nature and degree completely different from the data processing performed by

machines of our technology.

1-6



ALLIED RESEARCH ASSOCIATES, INC. U-', , 0 /

BOSTON, MASSACHUSETTS

0

There is relatively little knovledge of how the br in works but it seems that

unlike digital computers, it is capable of prccessinv simultaneously large amounts

of data. Digital computers operate only in a sequential manner.

It seems evident th.it brain action must involve a tremendous amount of

parallel data processing, since it is able to perform prodigious feats in a very

short time even though the response time of its neural elements is relatively

very lonc'. Althcugh work is being done on brain and the operation of very large

scale complex logic networks.

Evolution of Technology

Since we do not yet fully underst-,nd the biotechnology we perhaps cannot

say for cert in why it has developed the way it has. It will undoubtedly be of the

very greatest interest to compare it with any similar occurrence on other phnets.

Our own technology is the way it is - not necessarily because it is the best or only

technology - but because the limitations of our mentul and physical processes,

knowledge of the physical world, and our engineering ,echniques h,ve more or less

constrained its development into its present form. One could say, perhaps, that

it has evolved by a natural selection of our physical theories and engineering

techniques -- the selectioninvolving, the limiting parameters of our human exist-

ance.. In particular we may consider two of the most important of our inherent

limitations -- our physical size and our methods of thinking.

We are macro-beings and, like our caveman ancestors, have Lshioned

most of our tools and devices more or less by hand, employin,, materials that are

found lyin.; about on the earth. The liiitations imposed by our physical size, and

by the range of materials generally available for fabrication, is strikingly

evident when we consider how a workin, , analog of the eye could be constructed in

our technolog y. Possible the nearest device to it that we have now is the image

orthicon TV camera tube - although, of course, it is much larches" - especially

with its ancillary equipment - requires far more power than the eye and lacks*

many of the refinements of human vision.

1-7
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Secondly, our methods of thinkin9 are very restricted. In order to function

well, the brain must be able to simplify and to clarify; if necessary, by construct-

ing simplified models of reality. Faced with large scale complex problems the

brain quickly becomes "baffled" and cannot function. Many of the great scientific

achievements in our history have come when men h,,ve gethered the complex

threads of experience into a simple comprehensible pattern. A prime example,

of course, is the work of Newton in mechanics. In engineering, it is a common,

and very sound practice to %ork with theories, models, design techniques, etc.,

that may be known to be incorrect or limited in some way in these cases where a

completely rigorous approach proves difficult. In this way encincers can produce

something of value while waiting for the pure scientists and mathematicians to

get nearer to a perfect analysis. As an example we may quote the case of filter

and network design in communication engineering. For the last forty years or so,

tilters have beon a vitally important part of large communications systems. They

have been designed, however, for most of this period according to the well know.n

image theory which is based on assumptions knowcn to be untrue ond which yields

circuits that are known to be inefficient and uneconomic. Nevertheless, experi-

ence has shown that the method yields acceptable results and is very easy to

understand an,. to apply. The general problem of getting the beat possible per-

formanco from a given number of components has yet to be solved. By accepting

a restrictive type of network (i. e., the ladder) modern work on network theory

has shown how an optimum circuit can be designed.

The limitations of our thought processes have not unduly restricted the

development of our technology up to now. Thus in the case of filter design, the

difference between an image designed filter and one designed according to

modern network theory is not very great. The reason is that :-enerally a filter

0
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is not a very complicated structure - when analyzed mathematically it usually

involves only low order determinants. However when we do come to deal with

inherently very complex devices - such as pattern sensors - a 1 simple, approach

may not be adequate, yet the fully rigorous treatment is often beyond us.

Biotechnology presents us with a change to beak this deadlock as it contains, in

proliferation, very effective complex systems. It is not at all sud7ested that

study of complex bio-systems is -oing to be easy; quite clearly it will not, for

our mental processes are not tuned to the type of work that has to be done. How-

ever it does provide us with a chan-e of learniny at first liand the basic principles

that must be involved - just as a study 50 years ago of birds could have brought

us sooner to an understanding of the principles of aerodynamics.

The fact that most of our devices up to now have necessarily been macro-

structures has also not been a severe limitation. However future development

should certainly be towards micro-techniques: to quate but one example - the day

is approachinj; when the speed of computers will be limited by the time it takes to

transmit information over the physical dimensions of the whole computer. We

can learn from the bio-world many new principles that muzt be understood if we

are to develop a micro, or molecular, version of our own technology.

1. Z Scope of the Study

The present program comprises a review of biological mechznisms, notably

bioseusors, for application to instrument design. Commencinf! with an extensive

survey of world literaturu, the study has broadcne, into an evaluation of specific

sensors and classes of sensors for the purpose of deriving iaet s that might be

transposed into the field of instrument design.

The remainder of this introdactory section is devoted to discussion of how

the results of a study of biological mechanisms may be employed to improve our

own instrument technology.

0
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1. 3 Exploitation of Biological Mechanisms

The exploitation of biological mechanisms may be considered in the light of

four general approaches:

1. the direct imitation of biomechanisms in the materials of our

technology. For example, one may seek to imitate bio-inertial

sensors to assist in the further development of accelerometers,

gyros, stable platforms, etc.

2. by utilizing the living biological device directly, either as part of

the complete organism, or maintained separately by artificial

means and incorporated into an instrument system. This would

include the use of the brain of an animal, or of man, as a pattern

detector.

3. by studying the basic principles of operation of biosensors to see

whether the idea can be carried over into our technology. In this

case the natural performance parameters of the sensors are

0relatively unimportant since they are a function of the technology

in which they will operate; it is the idea that is to be taken. A

sensor that is relatively insensitive in its naturai environment

may be enhanced by our technology to yield a very sensitive

instrument.

4. by developing the capability for fabrication and synthesis at the

molecular level, i.e.. by developing a molecular technology

that is basically similar to, but very much simpler than, bio-

technology.

These four approaches are developed further in the following sections.

1. 3.1 Direct Imitation of Biological Mechanisms

It would, of course, be premature to make any kind of a final judgment on

the probability that any sensor mechanisms can be profitably imitated in the

present instrument technology. Opinions on this point have diverged somewhat

among the project personnel; all, however agree that the preliminary nature of

the evidence gathered during the current study precludes a final judgment either

*way.

1-10
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The probability that a particular instrument will be substantially improved

by making a physical copy of its biological counterpart is quite small. The

biosensor and the physical instrument are the products of two widely different

technologies, as already described. The chances are that both reflect nearly

the best available design in their respective technologies; but the excellence of

each is only relative to its respective technology and has no ex officio status in

the other. There is therefore no assurance that a particular biosensor "design"

can be successfully carried over into the instrument technology, with its

different materials and methods of fabrication.

It appears that this approach is less apt to be profitable than that of

utilizing the basic principles of operation, discussed in a later section. This

point is illustrated allegorically by Harvey E. Savely (Ref. 1):

"In discussing living systems as prototypes for engineering
application ... I would be less than fair if I did not warn you of a
conservative attitude that you may encounter among some biologists..."

I ..... Imitation of nature' s solutions may not be economical or
practical. We have moved ahead in our technology by getting our
hands on underlying principles and applying them in ways that may
nut exist in nature."

"Compare bird flight to airplanes, for example. Imitation here did
not get us very far. A basic research program 60 years ago in the
structtire of feathers would have led us up a blind alley. It was the
understanding of the physics of air flow that spurred on our develop-
ment. In the same way we must look for the fundamental principles
at work in the nervous systern, and not be tempted to inmitate what
may turn out to be the 'feathers' ." (Ref. 1)

1. 3. 2 Utilization of Living Fiosensors

The developmnent of this technique probably lies rather far in the future.

The possibilities are naturally quite exciting to many biologists, and for many

reasons commend themselves to the attention of engineers contemplating future

developments in lastrumeatation, especially in those cases wherein a particular

biosensor performs better than any comparable instrument, or where the instru-

njent does nut exist. There are, however, several practical problems that must

be considered.
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From the point of view of the instrument engineer, the biosensor (including

perhaps the entire organism) must in many instances be treated as a "black box",

the mechanics of which are neither thoroughly understood nor precisely

controllable. This is not good engineering practice, although it is frequently

tolerated in the absence of an alternative. A second problem is that of bridging

the two technologies in order to devise a coupling mechanism between the blo-

sensor and the instrument. Finally, the problem of keeping the tissue of organism

sufficiently "alive" to perform its function, though not impossible, may cause

considerable inconvenience. This latter problem, however, is constantly being

pursued by the bioscientists for well-established motives other than those

considered here.

There is an organism - the human being - that is frequently used as a

"black box" in an otherwise inanimate system. For example, the human operator

in an antitank guided missile system (such as the SS-10) functions in this way.

In this system the operator has to perceive the spatial relationship between

missile and target and then transmit appropriate control signals to the missile.

In almost all other guided missile systems this task is performed by inanimate

equipment. However, in the case of the antitank system no means has been found

of reliably identifying a tank on the battlefield. The human is able to do it by

means of his pattern recognition capabilities, and it is for this reason that he is

included in the system. This pattern recognition faculty is a brain function, and

thus, from a progmatic point of view, the brain itself may be considered as a

detector - a detector of pattern.

An important aspect of the use of a human pattern detector is the means

employed to couple him to the rest of the system. It is not piresently practicable

to make a direct physical connection into the neural circuits of the body, so that

resort has to be made to neuro-muscular/mechanical coupling, such as a hand-

held control stick. The oculometer system desci-ibed in Section 4 does allow, in

effect, a connection to be made to the neural system of the anti-tank-missile-

operator, just at that point in his perceptive system where the position of the

"pattern" (i.e. the tank) is made known to his consciousness.

0
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Life support systems for manned spacecraft offer another wide field of

possibilities for direct application of living sensors. By monitoring the reactions

of living biosensors or complete organisms, one may be able to determine carbon

dioxide or ozone content in a atmosphere, toxic accumulations in atmosphere or

in closed-cycle water systems, radiation levels, as well as many other crucial

parameters of the new environment.

1. 3. 3 Utilization of Basic Operational Principles of Biomechanisms

This approach may provide the earliest benefits from exploitation of the

biotechnology. The general technical difficulties associated with the utilization of

living biosensors do not apply here.

It can be argued that our present instrument technology is so effective.

because of the pressures that have kept it creative, that it is not apt to benefit

from any new ideas that may accrue from a study of the biotechnology. Many of

our instruments have been in existence for some time now and have evolved to a

high degree of performance and reliability.

One of the first objections that can be raised against this point of view is the

very obvious one that no field, least of all instruir.entatiun, is static. It is

always being presented with requirements of increasing severity and there is no

assurance that present approaches will meet these needs adequately. For the

first time, the dramatically different environment of space will soon be ours to

explore, and will thus open up an entirely new spectrum of instrumentation re-

quirements. In addition to the much broader varieties and ranges of variables

to be measured, there is the increased difficulty of placing and maintaining the

instrument in an operating position. Certainly there has never been a time when

radically new ideas were needed as much as they will in the very near future.

Even in the familiar earth environment, there are vast areas for exploration

that are certain to require major advances. Just two examples are apparent in

polar and undersea expeditions.

Finally, the frontiers of data handling and processing provide a host of new

requirements that, it is already widely acknowledged, will require more than

conventional approaches to meet. We simply do not understand the basic operating

principles of many of the machines that we already want to build - for example,

1
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machines to read handwriting - and if we did understand them we could probably

not build them. The study of pattern detectors in the biological world is obviously

a very effective way of learning about the fundamentals involved.

Consider some of the dramatic implications of the dbility to exploit bistable

(on-off) phenomena at the cellular or molecular level. If individual cells or

molecules could be made to exhibit this behavior, an,_ if a way could be found to

monitor their individual states, then logical elements built on this basis could be

used to construct high-density complex networks. These could be used both in

computer and instrumentation technology, and in the study of highly-developed

logical processes.

1.3.4 The Development of a New Technology

The two main stumbling blocks to direct exploitation of the biotechnology are

the differences in materials and in fabrication techniques. If these differences

could be narrowed, the way would be open for more fruitful exploitation. In a

sense the natural progress of bioscience - in which progressively better under-

standing of all life processes is being obtained - is helping to narrow the gap.

Biotechnology is, in essence, a molecular technology, since many of the

processes and systems involve either small groups of molecules or else have a

significant pattern or, structure at the molecular level. Therefore another

approach to exploring biotechnology would be to develop our own forin of molecular

technology.

The first stage in such a development must be to develop techniques of

fabrication. Because we are macru-beings, almost everything we can make is a

macro-structure. New techniques will be needed to enable us to build organized

micro-structures. In the biotechnology, such fabrication is done by qrowth. We

simply do not understand how this happens, and until a breakthrough comes we

must use other methods of assembling groups of molecules in previously designed

patterns and structures. Some of the techniques now being used in the semicon-

ductor industry are tending towards molecular fabrication.

A method that might be developed to meet very closely the ideal of handling

small groups of molecules or individual molecules is the mass spectrograph. In

this, a beam of one particular type of ion can be selected and then magnetically or

electrostatically directed to specific points on a target. Patterns or structure
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could then be built up by suitable modulation of the ion selecting and ion deflecting

circuits.

The development of a simple molecular technology should lead to a more

fruitful cross fertilization between the physical and biosciences. In the same way

that we can expect a carryover of techniques and principles from biotechnology

into the simpler but analogous molecular technology, knowledge and techniques

built up in this molecular technology should lead to a better understanding of

biotechnology. By attempting to work in a very simple analog of the biotechnology,

we can derive the great benefits of having exact knowledge and control over our

experiments. The results will be relatively easy to interpret and our minds can

fashion theories to suggest further progress. This orderly progression from

simple controlled experiments, which are capable of being easily analyzed by

our mathematics, to work that is superficially complex is characteristic of the

way physical science has progressed.

From a directly practical point of view, the establishment of an effective

molecular technology, capable of exploiting bio devices and also of functioning

independently, would be of great value. The products of this new technology

would be smaller and lighter, by several orders of magnitude, than analogs in

our existing technology. The techniques of fabrication are almost bound to involve

very much less human participation, and be capable of close control, thus the

products will probably be cheaper and have very high and predictable reliability.

The sensitivity of a number of biosensors is substantially beyond that of compar-

able devices in our own technology. It is to be expected that the devices made in

a molecular technology will be able to approach, match, or even exceed the

sensitivity of similar bio devices.

1.4 Conclusion

The world of living things poses a real challenge to our engineering skills.

In many ways our devices are inefficient and clumsy compared to their biological

counterparts. There seems to be no reason why we should not study and exploit

the products of the biotechnology just as we would exploit the teahnology of any

extraterrestrial beings that might be discovered.

0
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However, the difficulties involved must not be overlooked. An immediate

flood of simple and obvious applications from the bio to our own technology is not

to be expected - for reasons discussed earlier in this section. One must keep in

mind nontheless that - understand it or not, exploit it or not - the biotechnology

exists. Its accomplishments are impressive and a challenge to our openminded-

ness and adaptability.

0
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2. Method of Approach

The nature of this study has been exploratory in two senses. First of all,

the idea of applying biomechanisms to instrument design, although not a new one,

is not a well established practice. The study must also be exploratory in its

methodoloy,, involving as it does the establishment of a line of communication

among several disciplines with widely varying points of view and motivation. It

was decided therefore to approach the analysis of the data in a somewhat experi-

mental fashion. The benefits of the experimental approach are twofold. It per-

mits the individual differences among the investigators to be matched to the

characteristics of the material being analyzed and thus relieves somewhat the

problem of coupling the investigator to an unfamiliar field. This serves the

interest of efficiency. The second benefit is the opportunity to ecamine the rela-

tive efficacy of different approaches tothe problem. Such an elvuation would be

useful in continuing studies of this nature.

The emphasis was not particularly on deriving new data, but rather on the

careful organization of existing data into a form useful for its application at a

later time. This does not mean that the generation of new ideas was to be dis-

couraged, but rather that the primary objective of this pilot phase of the study

program was to be assimilation and meaningful organization of background material

Two basically different methods were employed. For the sake of convenience

we might term these the ,,cataloging", approach and "lispirational, approach.

The first, which gives the broadest coverage to all of the available material, con-

sists of a methodical scanning of the literature to extract any quantitative data

that may appear meaningful to the engineer. This method, when carried to com-

pletion. would require that every biosensor be examined and reported upon even

though its potential applicability to instrumentation might not seem immediately to

warrant complete transposition of its characteristics into engineering terms.

In following the second, or inspirational, approach one would simply expose

himself in a more or less methodical fashion to the available literature. He would

follow his own particular interests until, through association of ideas, etc., he
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might perceive some particular application or class of applications of a biosensor

to instrumentation. He would then develop this idea in whatever way might seem

appropriate. Thus the individual employing the latter method would make use of

the material from the literature search only insofar as its served his purposes in

triggering and developing a particular idea, and supporting it with quantitative

data. In any given instance this approach would lead either to a dead end or to a

useful idea. The penalty, of course, is that substantial portions of the available

literature might go unused during early phases of the study. But after all, the

real point of a study such as this is the hope that some unconventional and perhaps

exotic ideas for instrumentation may result-- it is not intended to be simply an

exercise in sorting and cataloging per se.

The differences between these two approaches may be illustrated by a

simple analogy. Suppose that one is approaching the coastline of an unknown

continent. The question would naturally arise as to the best way of exploring this

wilderness. Having established an initial beachhead, one would be presented with

two alternatives. The expedition could fan out, making an orderly examination of

every square mile within an expanding zone. Or, alternatively, the expedition

could move along at a faster pace until it came across feature of interest, such

as a river. It might then abandon exploration of the coastline and concentrate on

following the river to some logical stopping place, perhaps a lake. The party

could then select some other particular goal of interest, suc.h as a mountain on

the horizon, and proceed toward that. The latter approach, although leaving

large areas near the coastline unexplored, would be apt to acquire interesting and

useful information much more rapidly. The party that elected to explore the

coastline and inland zone in a grid fashion would have acquired detailed knowledge

of the relatively limited area in the vicinity of the coast line. Eventually, it might

expect to include in its survey those points of interest previously encountered by

the more adventurous party. Thus the advantages of a thorough and comprehensive

survey must be balanced against the usefulness of making some of the more

exciting discoveries early in the game.
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It was decided to attempt to achieve a balance between these two points of

view in the present study. Although the distinctions were not severely drawn.

there was a general trend toward the cataloging approach in the section on the

mechanoreceptors and chemoreceptors, while the more free-wheeling technique

was applied in the case of photoreceptors and neural mechanisms. The depth of

coverage in this pilot study is not sufficient to permit a fair evaluation of the two

methods; it appears, however, that the choice is partially dependent on the

individual habits of the investigators. We are inclined to believe at this point

that neither technique should be abandoned entirely, but that at least one person

in a study group be given the freedom to scout new territory as the occasions

present themselves.

Organisation of the project was necessarily centered around the basic

problem of establishing communication between the biological sciences and the

engineering specialties, and in- providing the investigators representing these

areas with sufficient vocabulary and a basic understanding of each other' s fields,

to establish a workable interface. In addition to the necessity of virtually learn-

ing an unfamiliar language, each project member was faced with a requirement to

put aside whatever professional prejudices he may have held toward the other

field. In the case of the present group, fortunately, there seemed to be a mutual

inclination to remove these barriers. Nevertheless, a predisposition toward this

kind of cooperation, although necessary, is not sufficient to ensure an adequate

interface. One does not acquire a sufficient insight into the areas beyond the

boundary simply by agreeing to be tolerant about it. The problem of cross-

education was met by persistent exposure to the material at hand, and by seeking

to evolve a ",middle language", through which all members of the project could

communicate.

The major share of the project effort went into preparation of the bibliogra-

phy, consideration of the philosophy of the approach, and orientation of the project

members to what was to many of them a new discipline. The remainder of the

activities were directed toward the preliminary analysis of the data, the results

of wli ch are reported in the sections that follow. It must be reiterated that in no

case does the reported material comprise more than a preliminary foray into the

respective subject matter, but serves simply as a sample of what appraoches may

be taken and the kind of data that may result from each.
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I. Mechanoreceptors

It is cunvenient to jruup thc mechanoreceptor-2 according to sensed para-

meter provided it is realizeu that distinctions between groups must in some cases

be made rather arbitraril-,. F,-r example, certain pressure sensore actually

operate by sensing the stretch occasiuned by application of pressure to the organ.

l'hus the pressoreceptor niay be considered as a specialized stretch receptor.

In some cases, of course, the details of tie sensing mechanism remain a subject

of controvers ,. The groupings employed here are informal and were selected

for convenience in this phase of the study. Continuing work, in which the subject

were expanded in both depth and breadth, might certainly demand a more forimial

,Truuping.

For present purposes, then, the ajechanoreceptors lhave been groupeA into

the following areas:

stretch (strain)

pressure and touch

acceleration

sound and vibration

The discussions of each riechanoreceptor ,roup will follow a format con-

sisting -f a list of biosensors in that g-roup, descriptions ,f individual sensors,, and

in so1:ie cavies quantitative data on .perating characteristics. In puint uf the

latter, it is b'r no nicans surpri-ing that data taken in a biulo ,ical labJratory are

frequently expressed in terms not :irectly applicablc to the fielP of instrumentation

design. This fact priniarily reflects the differences in approach and objective

of the biolog.ical scientist and the cn:inecr. The rekluction iin these differences

in approach has already be-unl to appear as a product of thc evaluation .f the bio-

engineer, who will undertake experin;ent, f a biolo:ical char-ctcr to answer

queotions of an cngineering nature. (He will, of course, reverse this procedure

in attempting to answer biological que3tins by recourse to cngineerin, analogs

anA analytical technique--).

Another difficulty arises thr )ulh the fact that an organic receptor does not

lend itzself easily to the sort of r, easurenient and testing tlat an engiiieer likes to

perforn on a comnponent in an inorcganic systen . Pecause the biosensor is so
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sensitive to its operating environment such test3 must be carefully tzilored in

terms of the situation in which it is to operate. Since most tests reported to date

are slanted toward determining behavior of the sensor in its natural state, i.e.,

within a living organism, any quantitative data from these experiments must be

considered with reservations whenever a specific sensor is contemplated in terms

of its usefulness in instrument design.

3.1 Stretch Receptors

As previously noted, the groupin- of the bioreceptors is somewhat arbitrar

as a matter of convenience. For the present study the following were included

in the stretch (strain) category.

Carotid Sinus

Aortic Sensors

Atrial Stretch Receptor

Muscle Spindle

Golgi Tendon Organ

The first two items in the list offer an example of sensors that one might

be inclined to place in another category. The carotid sinus acts as a pressure

sensor, while the atrial receptor senses the degree of filling, (relative volume of

contents) of a cavity in the heart. Nevertheless, those organs actually operate

by sensing the degree of stretch of the arterial and atrial walls and hence are

frequently classes as stretch receptors.

It must be recognized, however, that in much of the literature the carotid

sinus receptors are referred to variously as baroceptors, pressoreceptors, etc.

The remainder of this section presents a sampling of some of the data

derived in the literature search. Several of the receptors are described and

samples of available quantitative data are given.
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31. 1 Carotid Sinus and Aortic Region

Two irnp,;rtant sets if stretch receptors are found in the carotid sinus and

in the ai~rtic area. These sensors operate, in cr-njunction with the elasticity of

the arterial walls that con~tain thei, as hydraulic pressure transducers. These

sensors arc of variable sensitivity andA are crucial elements in the reflex homneo-

stasis of blood,. pressure and, to a lesser legree, if respiration.

rhe carotid sinuis is the term applied to the sliL~it enlar- eiiient that occurs

at the bifurcation o)f the commni-i carotid artery into the external and internal

carctid irteri--s (Fig-ire 3 -1).

The aorta i.s the rnair. trUnk of a scrics of vessels thAt carry oxygenated

Vj.)~ , the various tissues of the body fir thuir nutritiuol. It leaves the heart

atteupper part .i the left ventricle .and ircheb oDver the heart, uIe ;cending then

--ay :,c founu.

Ief,)ecItr ar ituateiara n, h twlaeo ofer tl he cZ1softeo

car ij nd urtc arh. he-arestimrulated by a :itretciin:, force, as by a

ris inartria blod resure(R(:f.z).rhoafferent nerve ii! pulses fronm these

,re-screeptrs reapplied to the caruit_ -inhibitor y and vasunottor centers. Coi-.-

prcsi,) ifthecaritid sinuis area (so a-, to raise the intrasinuSal pressure)

caus~es s-,igfteheart rate anu dilation of the blood vessels, both effects

rcsultinci ali systemic blood pressure. Pressure on the carotid -irtery

~,-UNPL ditan.ce eo the sinus (so as to reduce the pressure within the sinus)

causes cariac acceleration, vasoconimtriction, and a rise in arterial pressure.

Thun~e effectsi are accompanied Uy tic liberatiun of adirenaline. rhe sinus and aorti

no rves cvstitute a most impo~rtant miechanisin in the contro:l .;f arterial blo)od

prescure an," in the maintenance of circulation to the brain. Fur example, these

nerves are apparently the agent for cun:pensation u1f the 11,Ood pressure when the

body chan,,es fromn the recumbent to the sitting; position or from) oitting to standing.

3-3



F16 3
ALLIED RESEARCH ASSOCIATES, INC.

1, BOSTON, MASSACH4USETTS

LOCATION OF THE CAROTID SINUS
(REF 1)
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of
i'hese inechanisnms are alto called into 1-Aay wheni the blood systemn becomes under-

filica as in the case of hcxz~orrhaEe r shock, initiatin., " ;eneral vasoconstriction

to adjust vascular capacitr t,. the reo-uced A.lul v~lume aad thus i-aizntain the blood

pressure. The function relati,)nnships of the sinus ano a,,rtal pres cure sensorfi are

illustrated in Figure 3-3.

Both the pressoreceptors ani chen-crccptur-, of the carotid anu a,,rtic

areas arc connected to the respirat.)ry center as well as to the car~licvascular

centers. However, it appear-; t,-, the auth_,rj of Referelice -1 that the effects of

these sensors on respirati~n tinder phyziouluoical conditions arc nut enerally

significant, the pressure funictio)n ihein-. perhaps an bsuletv i.techanisil no lonifer

needed by the iarnial and the cheinoreceptur actin:- as a lust-ditch uefense against

respiratory failure.

The arterial baroceptor are of variable &enjitivity so that the carlio.-

vascular systcn, is sumewhat self adaptive. Experimiental results inuicate that

the state uf contraction and re.-istdnce to stretch .,f the barisensitive arterial walls

are controlled; by the sympathetic nervo)us systern. It is thouu.4Ai that efferent

pulses from the symipathetic ncrvc~i caiise lucal release uf chei..icalti that modulate

the sensitivitir of the pressurecepturs to intra-arterial Pre.isurc (Rofercnce 3).

This is one example of the factors that iiake physiolu';ical dtata ..ifficult tu trarslate

into instrumrent data. The developnient .;f instrumnentati ).n fru)x; a living arterial

L-arucept..r would require specialized experiii.ent.3 undcor which all paraometers were

contrAled to zsimulate the pruposed operating envirornent. 0r, the ither hand,

availability of a variably-.6cnbitive transducer mlay offer som,.c attrictive aivan-

tagyes.

The carotid sinus contains nanj in~ividual pressrecept,.r end orc-ans which

u-iffer fruit tine another both in their i1cnsitivity (in pukAe frequcrncy vs arterial

pressure) an-; in their threshula levels. EAch responids t,- an increase in stretch

(once the threshold! has been passeu) b-, an increase in the "requcc,r of its output

nerve iii~pulses. Thus a rie in pressure increa.;es the nmiimber of afferent pulbes

fromt the sinus by increasin - both the frequency ,f -oischar 'e from; individual end

organs and the number of participating erici org ans (Ref. 1).
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rlhis effect may be observed in Figure 3-4, drawn fror,. an clectrneurgra,

shovn in Reference 4. Two end orans in the car-tiu sinus ojf a rabbit were

rn,.nit,,rcL by an oscillscuuc. The siniii was subjected to a pressure of 70 mm

H-, which caused urie enc or an tu dijcharoe at 15 imTjj)ulse/sec (trace A). 1vhen

the pressure was raised to 100 rUm Hg, the first sensor increasei its .ischar'.e

frequency to 25 inipulse/sec and the second sensor cuI, menced dischar-e at ?0

impulse/sec, the latter )cinL' shown as the lar-er spikes in trace B. Thus the

difference in both threshold level and sensitivity of the tw) iiuuividual end organs

arc dern.nstrated.

The response of a single end organ to a sustained stimulus is shown in

Figure 3-5A. When the pressure is brought to 65 mm lg, the response consists

of t train of pulses occurring with - hi Th degree of regularity. The frequency of

discharge falls off very slowly over some seconds and then renjains steady for an

indefinite timye at a rate only slightly less than the initial maxirum value.

Cot parei to other receptors in general, the baroceptGrs crf the caroti-I sinus are

vet. sloV.,I ,,apting. Such behavior is quite appropriate fur the regulation of

blood prc';ure in a systen. wherein pulsations tend to be smothed out at higher

i. Pan .ystem;ic pressures (Ref. 4).

Response data in a form interesting to instrument designers is shown in

Figure 3-5B. However, it must be emphasized that this curve represents only one

particular end r:an, and that there are wide differences in the sensitivities and

thresh.,1is of iudivi(iual sensors. rhe curve was pl~ttea from electroneurograrnsof

a ,in:,lc receptc.r at four teady-state pressures. A 2-1/2 fold increase in output

frequency .ccurred over the '-I pressure range. Althouh sucn a strikini linear

behavior uver the entire ran-e ,f pressures investigated is frequently observed,

in :,ther case- the sensur saturates at a level A 140 to 1;;0 ir m H; with the maxi-

rurm sersitivity occurrinc. between lin. its within which the carotid sinus reflex

:i ht be expecteu nainly to f, nction (Rel. 4).

Fhe caruti.* sinus receptor, like rinany sensors, exhibits a Silent period

fullowin; a sudden uecreas c in stinulub. This effect is illustrated in Figure 3-6.

1% hen the pressure within the -inus was quickly reduced froi., 12 mrn Hg, to 30 mm

the inipulse discharge stopped abruptly anu con pletely for about le seconds, and

then ,radually ,ieveloped to a new level characteristic f the lower pressure (Ref. 4)

A siti ilar effect (if shorter duration is foundL in the case if ,uscle spindles.
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A. RESPONSE OF SINGLE END ORGAN IN CAROTID
SINUS (RABBIT) STIMULATED BY CONSTANT PRESSURE

OF 65mm Hg. (FROM REF. 4)
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B. RESPONSE vs. PRESSURE CHARACTERISTIC OF A
SINGLE END ORGAN IN CAROTID SINUS OF THE
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THE TEMPORARILY COMPLETE CESSATION OF
DISCHARGE FROM A CAROTID SINUS RECEPTOR
FOLLOWING A DECREASE IN PRESSURE FROM

120 mm Mg TO 30 mm Mg AND ITS SUBSEQUENT
RETURN (REF 4)
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The quenching of sensor output by a reduction of stimulus probably contribute

to the dynamic response of the urspan to a pulsating stinulus. Vhen the sinus is

subjected to the nornal stin. alus of the arterial pulse, it is observed that at low or

mediun pressures the nerve irnpulses are produceu only .luring systle even

thou ;.h .he diastolic pressure is sufficiently, high to evoke a discharge if maintained

continuous ly.

The difference in caruti..: response to pulsatile an" steady fl,,w is demon-

strated in experinments by Eao et. A-. (Ref. 5). One carutiu sinus of a cat was

iL..ated and perfused by a punp in such a way that the intrasinusal pressure could

be controlled. The carotid sinus nerve was left intact so that afferent pulses from

the sinus operateCd on the vasonutor ceiter. Thus sinus stimulati.;n acted to

reduce the systeinic blood pressure (hypotensi,,n) )f the anesthetized animnal. The

blood pressure was recorded frui, the feiiural artery while the sinus perfusion

pressure was varied and the deoree of bl,,d-pressure depiression was thus used

as an indicatr of sin',b response. The results arc surnmarizeti in Table ". 1,

taken from Reference 5.

TABLE 2. 1

Mean sinus perfusi(un Mean systernic lood '.'iean systemic bluou

pressure (mm H,) pressure (during nun- pressure (Jurinl -TuaS-

pulsating sinus perfusi,,n) tile s. inus perfusion)

0 1lO 160

15 160 130

80 160 110

135 115 88

240 8 -S 3

At any ,,ivcn nr;ean sinus perfusion pressure below 240 ti,,n HL. , p ilsatile perfubion

ij more effective in cau ins, reflexc hyputen:5iun than is nai-puliatile perfusion. At

hi4h sinus perfaision pressures (aboit 250 ,nm 1i;) the two types of perfusion pro-

duced aliost identical reflex responses.
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An another experim:,ent in the series, in which the natural blood flow through

the sinus could be made either pulsing or steady by means of an imopulse absorber,

the electroneurograrns for both flow types were cinipared. It was observed that

during steady flow the impulse discharge occurs steadily throughout the cardiac

cycle, while during pulsatile flow the in.pulse dischdrge is grouped, the bursts

occurring during systle and early diastole of each carAiac cycle. The maxinum

frequency attainca during pulsatile flkw exceeds that seen during non pulsatile

flow, although the average frequencies (or iimpulses per cardiac cycle) were

approximately the same for both types of flow when the mean pressure was in the

range of 100-160 mm Hg,. It appears that a given number of pulses occurring in a

short high-frequency bur~t are m-re capable of affecting the vasonjutor center

than the same num -iber uccurring as a steady dischz rge of lower frequency (Ref. 5).

The authors conclude (Ref. 5) that the activity of the baruceptorj in the

aortic area may safely be assumed to react to tul.atile changes in a manner sinA-

lar to that of the carotid sinus described above.

An interesting dynarxic study of the carotid Einus operating in the blood-

pressure re-ulation loop has beer, perform ed by Varner (Ref. u). He devised an

electric analog, of the carotid sinus, shown in Figure 3-7, which he substituted

for the sinus. By varying the transfer functiun of the analog and the frequency of

the pulsating stimulus he was able to 1easure the dynamic response of the tonic

reflex system. It was observed that at cert.uin pulsatile frequencies the effect of

amplifyin.; the effect of carotid sinus activity was to aggravate rather than diminish

arterial pressure variations. Theoretically, a delay, in the servo loop equal to one

half the periu of disturbance will change nourtally negative feedback to positive.

'The experimental results support the concept that the phase shift in the regulatory

system is determined by the tiii~e lag in the response of arteriolar smooth muscle

to ,tiinulatiurn of the carotidl binui nerve.

If at these critical frequencies, te gain around the loop is greater than one,

the systen is unstable and oscillations will grow. Failure to oberve this insta-

bility, even when the sii.ulator was rnade for iore sensitive than the carotid

sinus, is attributed to the nonlinear uepressor response of the aniimal to increasing

frequency of carotid sinus nerve stitiulation (Ref. t

3
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DIAGRAM OF AN ELECTRONIC ANALOG OF THE
CAROTID SINUS AND THE EQUATION WHICH

DESCRIBES ITS FUNCTION
(REF 6)
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From the point of view of this report, the interesting feature of the analog

is the presence of a first ti, ie-,icrivative term in the transfer function. This

term reflects the already-described properties of sensor adaptation to a sustained

stiirulus and the abrupt period of silence following reductin of the stimulus.

3.1. 2 Atrial Stretch Receptor

The upper chambers of the heart zore known respectively as the right and left

atrium. These are the input areas of the heart -- the right atrium receiving venous

blood from the body's circulatory systen., and the left atrium receiving newly

oxygenated blood from the lungs.

The exact innervation of the atrial regions apparently remains controversial.

However, the nature ,f the rcceptorsj in these areas and their related reflex

functions have been studied by mnany authors (References 7 through 13). For

purposes of the prescnt report, the following composite picture may be presumed.

The function of the atrial receptors appears to be twf - -: (I) to adjust the

car .iac rate to accomai odate the rate of flow of blood into the atria, and (2) to

reg;ulate the total volume of actively-circulating blood through reflex mechanisms

affectinfg the ,kidneys and other or ,ans. -un example of the first function is seen in

thu Dainbrid' c reflex, named after it.' .Aijccvercr. The reflex causes an acceler:i-

tion in heart rate when the pressure uf blood entering the auricle is raised. The

reflex is carried out pre.,un~ably throu.,,h the afferent vagal terr:,inatiun beneath

the endlocardiurla and in the walls of the :.reat veins near their entrance tu the

auricle. The nerve fibres are stintlated 1,y the increased venous pressure which

rises onl- after the cardiuc chambers have been coripletely filled. Through this

mechanism., the heart rate ij adjusted autJ-v.aticall. to the volu, ie f blood poured

into its chambers (the VCenOtus inflow) (Ref. 2).

The secund function is manife.t in the horneostatic response of the kidney to

changes in the vlume 0 f blood circulating, in the syste;. . The receptors of the

atria, and possibly the proxili al Fortions of the veins enterin,., the atria, are

believed tu react to circuliting blood vlumne in such a way as to control the flow of

urine and thus stabilize blood volume. It has been found that effects tending to

increase vulume, e.,. infusiou, leai to diuresis (aLirroal urine flow) while

hemorrhage will cause uli ,urea (antiuiuresis).
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The sensors involved are variously termed stretch receptors and pressure

receptors. There are indications that both may be present. However, the

pressoreceptors are described as siniiar to those in the carotid and aortic areas

(Section 3.1.1) which may be considered ultimately as stretch receptors.

The stretch receptors in the atrium have been found responsive to degree of

filling uf the chainber (Ref. 7). A sample response curve taken fron; the refer-

encc is shown in Fijure 3-8.

3.1.3 Mu,:cle S:)indles and the Gulgi Tendon Or_:ans

The receptors situated in skeletal muscles and in the tendon, and joints

furnish information to the central nervous concerning the zilovements and positions

of the limbs and other parts. Afferent fibers carrying this inforn;atien make up

from 1/3 to 1/2 of the fibers in a sc-called motor nerve. A., a result of the

nessaes received by the ncrvus centers, the contractions ,of individual muscles

and groups of muscles arc coordinated to produce smooth, finely adjusted and

effective r:oveientsi which would be impossible in the absence of such guidance

from the periphery. For this reason the term kinesthetic is applied to this group

of receptors. A proportiua of these afferent impulses arouse no sensation, their

inforniatior, being delivered to centers lying beneath consciousness. To others

are due the sensations grouped uncier deep sensibility. The receptors in the

situations ,nenticneu responu to rnechanical stii;-ulatior, e.g., pressure or stretch.

These types of stimnulus are furnished by the strains and stresses set up in the

muscles, tendons and joints durin, muscular contraction (Ref. 2).

The sensory enuings in the various situations mentioned above are of four

main types: muscle spindles

Golgi corpuscles

Pacinian corpuscles

free nerve endings

The first two of these ire considered to be stretch receptors, aind -is such

will be discussed here. The third is a pressure receptor, discussed elsewhere,

and the fourth is ;i pain receptor.

0

3-16



FIG 3- 8
ALLIED RESEARCH ASSOCIATES, INC.

BOSTON, MASSACHUSETTS

RESPONSE OF AN ATRIAL FIBER TO VARIOUS LEVELS
OF FILLING IN AN ISOLATED LEFT ATRIUM. IMPULSE
FREQUENCY AT EACH POINT WAS AVERAGED OVER 0.5
SEC OF THE RECORD I SEC AFTER EACH INJECTION

(REF 7)
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All stretch-sensitive units have properties in common. All respond to

stretch with a regular rhythmic discharge of impulses. The rate of firing is

somewhat higher during and immediately after the imposition of stretch, but the

discharge rate rapidly reaches a relatively steady level, which is maintained for

hours if the muscle stretch is held constant. When the tension on the muscle is

increased, the number of impulses per unit time increases, but not in a linear

fashion. The firing rate is approximately directly proportional to the log of the

applied muscle tension.

This relationship holds only within a limited range of applied tensions. At

high tensions, the response falls short of the expected proportionality Moreover,

for different receptors, the slopes of the curves relating discharge rate to log

tension are different. Discharge frequency is thus one way by which the receptor

signals intensity of stimulus to the central nervous system.

If the monitored strand of fibers contains several axons supplying stretch

receptors, another correlate of intensity becomes evident. As stimulus intensity

is increased, the number of units responding increases. The thresholds of stretch

receptors are distributed in accordance with a normal frequency curve, so that an

increase in the intensity of the stimulus, i.e., muscle stretch, recruits additional

units.

Receptor variation in threshold is due partly to true variance in sensitivity

to stretch and partly to variance in location in the muscle, some receptors bear-

ing more of the brunt of muscle stretch than others. Each of these receptors

fires at a frequency which is determined by the extent to which the stimulus

exceeds the threshold of the individual receptor. These two intensity-signaling

variables - number of active units and frequency of unit discharge - account for

the grading of reflex response to various degrees of stretch. It may be noted

parenthetically that the relationships between stimulus intensity and receptor

discharge outlined above are not unique to the stretch receptor. Similar relation-

ships have been observed in a wide variety of receptors, including some involved

in reflex regulation of visceral an vascular structures.
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The muscle spindle and the Golgi tendon organ both respond to stretch.

However, they respond differently to muscular events because of their different

methods of incorporation into the muscular complex. The muscle spindles

occur within the muscle, lying parallel to and between the muscle fibers. The

tendon organs are found near the ends of the muscle, in the tendons. The opera-

tional effect of this difference is shown schematically in Fig. 3-9. In A, the

muscle spindle is shown to be mechanically connected "tin parallel" with the

muscle fibers. Thus, when the muscle is stretched by an external force, the

spindle responds with a pulse discharge. On the other hand, when the muscle is

contracted by the application of a stimulus S to the muscle fibers, the spindle is

silent. The tendon organ, represented in B, operates "in series" with the active

fibers of the muscle. As such, it is equally susceptible to, but does not distinguis

between, mechanical stretch :tpplied by a passive pull on the muscle and that

applied by active muscular contraction, both beinTg actions that exert tension on

* the organ.

The muscle spindle is a fusiform body (i. e., spindle shaped, tapering at

both ends). The spindle is located within the muscle itself, lying parallel to and

between the muscle fibers. It is constituted of a bundle of from 3 to 10 muscle

fibers (intrafusal fibers) enclosed in a fibrous capsule. rhe nervc supply of the

spindle is double -- afferent and efferent.

An afferent fiber, upon entering the spindle and losin' its myclin sheath

and neurilerrima, may end in one or other of two ways. (a) Some become flat and

ribbon-like and wind in rings or spirals about the intrafusal fibers. i'hese are

called annulo-spiral or nuclear bag endings. (b) Others ramify upon the intra-

fusal fiber surface in a manner suggesting a spray of flowers. These are called

flower-spray or myotube endings (Refs. 2 and 14).

!'he efferent fibers, called fusimotor fibers or jamma efferents, termin-

ate in end plates situated on the striated poles of the intrafusal fibres. According

to Barker (Ref. 15), both poles of the intrifusal fiber receive this motor innerva-

tion. the function of these fusimotor fibers is apparently to furnish a variable

threshold, or "bias", to the muscle spindles. It has been demonstrated that

fusimotor activation causes contractions of the intrafusal fibers that are too feeble
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to add si nificantly to the total muscle tension, but are sufficient to affect pro-

foundly the afferent discharge of the spindle (Ref. 14). XVhitteridge explored the

behavior of the muscle spindles in the extraocular muscle of sheep and goats

(Ref. 16). With the motor nerve cut ind no stimulation to the gamma fibers, the

spindles tested showed a linear relation between extension and frequency within

the probable operating limiLs of the muscle. Sensitivities were found to occur

in the ran e between I ;ind 5 imnpulses/sec per millimeter of stretch. When the

gamma fibers were stimulated a line:,r relation was still seen, but the sensitivitie:

were plotted a ainst frequency of the ,amma stimul ,tion (nef. 16). The curves

obtained were sensibly straiiht below 150 impulses/sec. Althouih gamma stimu-

lation increases the senzitivity of the primary affer nt endin', s of the muscle to

spindle stretch, it appears to have little or no effect below their thresholds to

stretch. However, there is evidence by Hunt (Ref. 17) that the threshold is re-

duced by stimulation of sympathetic nerve fibers, which differ from the -amma-

efferent fibers and may be considereu in the present context to be a third class

of innervation.

Thus the muscle spindle provides a stretch receptor vth variable

sensitivity and threshold. rhe afferent discharge of the spindle depends not only

upon stretch but also upon the number oi impulLses re.ichin.- the spindle via the

fusirnotor and sympathetic fibers. iEach spindle receives up to five fusimotor

fibers, proviiin7 a precise mechanisms for -radin the receptor sensitivity

throu,.h a considerable ran,-c.

The Goli tendcn or-yan is cih racterized by a relatively very hi-h thres-

hold, usuaUy requiring tensions of 100 to 200 grams or more far sustained

firing (Ref. 14). It does not possess the efferent nerve fibers, and thus the vari-

able 'ain and threshold characteristics, of the muscle spindle.
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3.~Pressure and Touch

Pressure recepto;rs inay be colnsi-,eretl infurially a: f-lling. into threc

functional grou-ps. The first group 6enises hyd r-dyn--i-ic prc-ssures within the

o)r ,anisnm. Fur examnple, the baruceptors of the carcutidiJns ciescribecl in t;.0

previous oectiun, mronitor the bluod pressure. As stated- e;trlier, these are

frcquen1tly clasjef-1 as stretch receptors because of their oJperating tiechanism

an.-,, at, sucui, were treated in Section 3. 1. The second group, of which the

Lu-rcazinian al, pulla is a-. ex&ixple, smnses hydros)tatic pressure outside the

uri-anisn.,. rhere is evidlence t-ut thi'is -n- ull-x is eapluycd by certa irn fish to

siense their -ip' Un(ler tthe i-;rfa.co; L0 the water. Thie thiirdi functional fToup

:enses what n:-y be calledl cont-act-type prcsur(, C.O~. , that czaubed! by pressing

fairly hiard -,j,.inst the skin. Althou.,h -not necessarily restricteu. to it, the P-ci-

.ian corpuscle i6 in exan-pic of the thi~rd group.

r~ucii, ;,r tactile sens..tion, is .cr usedi by light cn-itzct (in c,)ntrast to the

heavier contact associated with the pressure sensation). The tactile sensation is

0 subserved in man by three types of receptor: Meissner's (Slagner's) corpuscles,

Merkel' s disks, and a basket-like arrangen-: ent of nerve i..c surrounding, the

base of hawir follicles . Meiissner' s corpus~cles are situated in Cie papillae .f Li~e

skin, just b-enecatli the epidjermiAs. The-c.y tLrc unevenly distribOUteti, being sp~rsolv

z~cAltred vor ,;ucli a re,ju as thec vular a spcct of u f(-,rearn-I but nuiieraus in

the ,;Kin ~f t-,e hndt, foot, nipple and lip.,, .,na in the rn-cwrus emCzibrane o~f the

ti:) f thke tunguc. Thc'y are well ~ I1e.structures, cuns isting. uf irreL.,ularly

cuIrled nerve cnucin is withi capsulc , if cknnective tissue. Mlerkel' s disks consist

o)f ruups if tirce or ti;rc cup-.,hipe,- .,sks wit'i a reticul-te- Apipe~rance. The

nerve fiber upcn approa.-ch in,, a czr ),.p J zuch str ictures breakts up into branches,

0 ne~i- to eac isk. ' erkel' iik re fuund ii. the ,kiu ,f tie snouts of pi,,.s

ani .t!-,r aa ilsanti ii. Vie fii, ur- tips, lip!S and utA 4 .1All. rh1-e basket-

like rrne:ent, u urrruming the be. ,e -)f a lh-ir folil e cunsist.2 of a nm.ber of

.hjrt, vc rticLl, nerve filaieocts wticl, en" in sior.:Il (-\~epa~n, ions. They are

tiiiilitcd !)y ,n IsliLht tivrcrs h'uir P

Iniequ~liti J 1 res sre vkith c' "sr-!!ent eetliiiatiojii ,f t.1 e bkir. surface is the

40 ~etiz enti-,l factor in the stir i ulati;.i )f t,)ucl rcceiit.- r.4
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3. . PresEure

Since thosie sensors described :above :is belon;ing to the fir-it, or baroceptor,

group -re represented in Section 3. 1, they will not be discussed further here.

Attention is directed first to the Pacini in corpuscle, -and then to the less ,ell

understood Lorenziniin corpuscle.
"#The P cinian corpuscles (.*i,.,. 3-1l) are oval bodies composed of concentric

laminae, like the "skins" of a sectioned onion. The fferent fiber penetrates to

the center of the corpuscle. Pressure with elong tion of the organ and consequent

stretching of the nerve ending is the .dequate stimulus. These receptor organs

are found in tendons, joints, periosteum, especially beneath tendinous insertions,

in fasciae covering muscles and in subcutaneous tissues. They are also found in

the mesentery. The structure of these receptors .ppear'; to be such that a

mech:inic il stimulus such as stretching pressure, etc., induced by muscular

action %.ill be -pplied most effectively to the naked Axis cylinder within its center.

(iaef, 2).

IefMorphologic al aind histologic .1 dati on the Picinin corpuscle ire quite

-Lbund..nt (e. g. , Aefs. 18 a.nd 19). Sever-al v iriations on the structur 4 details have

been found, involving princip.ily br -inchin:g and ,rbori- ition of the axis -cylinder

termination and the inner bulb: -nd l'mnellae.

The Pacinian corpuscle is described as rapidly ad:.ptin? anu sensitive to

very light touch (itef. 20). A deformation of 0. 5 microns for 100 milliseconds will

excite the corpuscle. StuJies of the minimum value of e.tent and velocity of

stimulus required for e~xcitation showed a typical v.lue to be 0. 5 micron in 80

IA.aec which corresponds to a velocity of 0.006 m/sec. In experiments with short

(<500 Rsec) repetitive mechanical pulse stimuli, it was found that the minimum

interval between action potentials for ainy given stimulus strength agreed with

values expected from direct meisurements of refractory period (1 to 2 m/sec). In

one case a stimulus frequency of 1000 cps was followed for nany seconds. (Ref. ZD.

ilemoval of the peripheral zones of the corpuscles tppears not to impair

their mechano-responsiveness (L ef. 22). It is proposed tha t the Paciniin

corpuscle acts simply as a me-ins of applying the mechanical stimulus to a section

4of the axon, and of providing appropriate mechanical damping. It is capable of

protectin g the axon from injury by the high pressures present at many of

the corpuscle sites (Ref. 22).
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PACINIAN CORPUSCLE
(REF 1)
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The initial application and the removal of the stimulus is much more

effective than its steady marinten:.,nce in producing output pulses ('(ef. 21). The

corpuscle thus oper-tes in part is a differenti-ttor, or high-p:,ss filter. It is

believed not to be ai medi..tor of constant pressure (!ex. 20). Although this prop-

erty ma-y be partly neur :1 in origin, there is some evidence t.t it .rises from the

way in which thelayers of the corpuscle transmit the mechinic il stimulus to the

core. Studies of the stitic .andl dynamic displ-cement of the corpuscle laminae

(Ref. 23) indicate this kind of beh.ivior.

The relative insensitivity to temperature of the Paciniln corpuscle is of

interest from an engineering point of view. Eighteen corpuscles were subjected

to temperatures ranging from 00 to 42°C (:nd in a few cases to 60°C) after it was

determined that each was responsive to mechanical stimuli. In ao c~se ,vls there

a response to temperature or temperature changes (Ref. 24).

The Lorenzinian ampulla is a large tubular organ that occurs in groups in

the ;7lasmobraches. hIr the do.fish, for e.ample, each ampulla co: ;ists of a

bulb-like swel-inr :bout 0. 7 im diarnater, located cic.p within the h -ad of

the fish, and - jelly-filled tube several mm lori,- that opeirs in a i'ii: pore. "he

arnpulla is ianervatetd by 4-8 verve fiber,, that en,! insiu tih s..elli,- (Ref. .)

Because earlier investi gators fou.,_; the ainpullae to e:.-ziiat -I hi h tcLpera-

ture coefficia-t (Refs. 26 and 27), they inave been wiaily re,;ar':ei as tihertno-

receptors. However Lowenstein (Ref. 25) believes .hat Ihir eep location in

the head and the relatively low te rm.,A conductivity of the jelly ar -ue stro',_!dy

against their bcil-,n, thernioreceptors. He dcterrni,:e cxperiixe, tally that whe,

the internal 1 :re2,.sure of tha bulb was raised above t;le _-ternal prescsare, the

,.cr,_-rator poteritial increment is ;ufficieit to produce nerve inpul- es that v,.ry

in fr.,qu.ency with the pressure. Wher. the internal .)res:;ure was .lbruptly i.-

creaseLi, the --erve isciiar; e had bota z: .iyrnamic ,., a stalic .ion-a,.aptive phase.

The frcq.ue-ncy of both phiases incre;e... with presure differci tial.

Loc,_'e,;steiin concludes (Ref. "5): ,,lhe Lore, ziiaa ampulla may thus

posjibly serv, as a receptor 'ef hydrojynariic pre.sure. In thc uy'namic phase of

impulse ,iisch, r-;e the sensitivity of the." receptor at about 10 ietcrs of witer

(the norrnal crusir.:: range of the fi.3h) is from 5 to 12 irnpulse3 / ecld per meter

of water pressure,
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3.2. Touch

Three types of touch sei.,sor are listed in the i itroduction to Section 3. 2:

Merkel' s uisks, Meissner' s corpuscles, and hair fillicle.s. Eachi of these

structures represients a way in which the cutaneous nerve iiber may termi-iate at

tn.e locale of tne stimulus.

'The nerves associated with rencral sernsations, i.e. , heat, cold,. pain,

pressure, to tch, etc , , are widely distributedQ thr,,ughonzt the body. They mnay

end free among the tissue elemeiits, or i., special end or,,ans where the terminal

nerve- filaments arc enclosed in ca-psulesL.

,,Free ncrve--endin7.s occur chiefly in the epi iinmis and in the epithe-lium

coveringl certaii t-mucous memnbriaes; they are well Ceen .also ill the 3tr~itifiedl

squamnous epithcliumi of the cornea, an-d are also founul in the root-sheaths and

papillae of the hairs, and around the bodies of tne1 sudoriferous glands. When the

nerve fiber approaches its terminatioii, the mcdullary sheath siiduenly di.-3appears,

leavin- only the axis-cylinder surrouiided by the neuroleinima. After a :irne the

fiber loses it neurolemma, and consists only of an axis-cylinder, which can be

seen, in preparations st~iined with chloride of gold, to be madc up of fine varicose

fibrillae. Finally, the ais-cylinder breaks up into its constituent fibrillac which

oftei. present re~ular varicosities and anastomose wvitli one anoth-er, and end in

sinall knobs or uis:ks between the epitholial cells.

U~-rthis headinr, may be classed the tactilf- disks descrii~ed by Merkel as

tuccurrin. i~i the epiderrmis of the pig' s :3nout, where the fibrillae of tile axis-

cyli~iuder CfLa i.- CUP-shaiOel d-i.-kS in apposition with lar-!e epithelial cells. ",(Ref. 1).

The special and or.tans incluac the Pacinian corpuscle, diescribed1 in

Section 3. 2. 1 and Meissner' s corpuscles, of which the latter is a touch sensor.

The special Cei.U or:-gans have one feature it-, cornrn.q-i; tLne te riinal nerve fibrillzae

are enveloped by a capsule the functiou, of wiiich is to p.ovi.ne a proper match

betvw-,en the icrve endiing and the stinvalus .th. t a.- esirc-. ,tatic Lm1U dynamic

traniduction characteriFstics .Aill be obt-i-. :.1,. some cascs tie end or,,;an

protects the nerve ending from irrevu;riible darna ,,c trom ovcrload.
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"The tactile corpuscles of Waener and Meissner are oval-shaped bodies.

Each is enveloped by a connective-tissue capsule, and imperfect mer;branous

septa derived from this penetrate the interior. The axis-cylinder passes through

the capsule, and after making several spiral turns around the body of the corpuscle

ends in small globular or pyriforn, enlargements. rhese tactile corpuscles occur

in the papillae of the curium of the hand and foot, the front of the forearn, the

skin of the lips, the mucous membrane if the tip of the t.ongue, the palpebral

conjunctiva, and the skin of the rnainnary papilla." (Ref. 1).

Microphotographs of the Meissner' s corpuscle and related tissue in the

papillary ridges of the finger are included in Reference 28. In particular, a

rubber model of the papillary ridge is shown. This model demonstrates the way

in which the ridge construction acts as a nagnifyin- lever mechanisn for trans-

TIAssivn of the touch stiniuli to the underlying receptors. The reference states that

Meissner' s corpuscle is fully stimulated by pressure coinciding with its axis.

rhe touch sensor remainin3 to be discussed is the hair follicle. All hair

follicles are innervated and, therefore, are tactile in function (Ref. 29). Of

particular interest, however, is the tylotrich follicle because of its specialized

construction and high sensitivity.

Some mammals, such as the cat and rabbit, possess -uard hairs. In general

these may be differentiated fi'om pcla,-c h:,ir3 waiicai are .;horte:-, finer and more

dense th, n the lon .er, coi rser ;,n i mre sparsely located -uara hairs. These hairs

may be diviu-d into three ..,ne-al types: vibrissae, corn-non u;, rd hairs ;-nd

tylotricisi. Vibrissae are must comrrronly r(tund arouni thc nosC, chin anJ ;ycs

of fur bearin - mammals. Tiese ;.ct i:-, aperture sensin,! receptors, i.e., they

jud, e the width of a pas;a?:e tiirou -h which the animal may wish to Pass. The

common uzrd hairs arc fund ),,cr tie surface of the animal and serve a two

foli functi,)n: protection ,f the soft pela'e from environmnental dniv,'e -,nL

mediation of the tactile sense.

The tylotrichs are longer than common guard hairs; they are very sparse, a"1

straighter than the common guard hair, and they havc l(,nger, rrvore gradually

tapered tips. Their follicles are profusely innervated and contain erectile tissue,
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i. e., tissue containing capillaries that dilate after stimulation. A dense network

of nerve fibers resides between the erectile tissue and the external root sheath.

Thus, erection of the annulus and possible contraction of the band of smooth

muscle-like cells provides pressure on the nerve ending and consequent nechani-

cal .armplification ,f the stimulus. The tylotrich follicle, then, has a high and

variable sensitivity (Ref. 29).

3. 3 Acceleration Receptors

In the present context, the term acceleration receptor will be taken to

include sensors of linear acceleration, gravity gradient, and angular rotation

and acceleration. The biological devices to be discussed in this section are

statocyst

semicircular canal and utriculus

lateral line organs

halteres.

A sense of spacial orientation is vital to living organisms. Even

0plants require that their roots grow down into the earth and their shoots Crow up

into the air and sunlight. Thus, virtually adl living: forms possess some form of

spacial sensor, rudimentary though it may be, to control their posture through

either motor control or directed growth. The requirement for this orientation

arises basically from the efficiency of the nourishment process, and to a lesser

degree, perhaps, from consideration of defense of the organism.

Free-moving animals require something more than simple attitude control.

The complexity of the need, in any given case, is determined by the character-

istics of the body and of the locomotive process. Locomotion is basically con-

cerned with feeding and defense. Examples of the more sophisticated postural and

locomotive systems are found in the higherquadrupeds, man, and increatures of

flight. Dynamic stability and high maneuverability are essential elements in

the competition for survival, serving both the feeding and escape functions.

Dynamic stability requires the sensing and appreciation of velocity and accelera-

tion, in addition to simple position and attitude. The evolutionary process has

developed a variety of organs suitable for these measurements.
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3.3.1 Statocyst

The statocyst organ is most commonly found in molluscs and crustacea.

It may be thought of as a fluid-filled sphere whose lining is characterized by

sensory epithelium localized either on the top or bottom (Ref. 30). The epi-

thelial cells frequently possess hair-like projections that protrude into the

chamber. A solid or semisolid body, the statolith, rests on or hangs from this

sensory epithelium. The statolith, which is usually a calcium salt or sand grain,

provides the pendulus mass for the sensor; it triggers nerve discharges according

to its position relative to the sensory epithelium. Any change in position of the

statolith, whether caused by linear or angular displacement, causes a differential

pressure gradient on individual epithelial cells. This causes impulses to be sent

to the coordination centers of the central nervous system, where an appropriate

motor response is initiated.

An interesting experiment performed by Kreidl is described in Reference 1.

A crustacean that had just undergone ecdysis was obtained. Characteristically,

when the shell was shed, some of the inner surface of the lateral portion of the

statocyst was destroyed. The animal was placed in an isolated area where only

iron filings were present- not the usual sand or other particles. The result was

that the iron filings were picked up and incorporated into the statocyst to form

the new statolith. It was then found that the orientation of the animal could be

directly influenced by the application of externally applied magnetic fields.

An extensive study of the statocyst in the lobster H1omarus americanus has

been undertaken by Cohen (Ref. 31). By studying the response of the organ, he

identified four types of receptors according to the nature of their response:

Position receptor, Type 1

Position receptor, Type 2

Acceleration receptor

Vibration receptor.

Position receptor, Type 1-These receptors .jiow a specific non-adapting

discharge frequency for different maintained positions about the transverse axis.

They are sensitive primarily to absolute position. The receptor threshold near

3

3- 9



ALLIED RESEARCH ASSOCIATES, INC.
A BOSTON, MASSACHUSETTS

the region of maxium response appears to be less than 60 of displacement.

Position receptor, Type 2-These receptors are capable of signalling abso-

lute position in a manner similar to that described above. In addition to this

static behavior, there is a differentiated dynamic response which seems capable

of signalling also the direction from which a given position is approached.

Acceleration receptor-Specific receptors respond only to motion about the

horizontal and vertical axes, not to position. Although the article was not as

precise as it might have been in distinguishing rotational acceleration from

velocity, it appears that acceleration is the sensed parameter since the modula-

tion of impulse frequency occurs at the start and termination of the angular

motion. The threshold for this effect is quoted as occupying the range between 5

and 150/sec. The impulses return to resting level within 0. 5 sec after constant

angular velocity is reached.

Vibration receptor-Certain receptors were found that respond only to

vibration conducted through the substrate-not through the surrounding air or

* water.

Cohen determined that removal of the statolith abolishes all position

responses but does not affect the acceleration or vibration receptors. Removal

of both the statolith and the fluid from the cyst abolished all responses except that

to vibration (Ref. 31). One is tempted to infer from this that the pendulus mass

(statolith) operates the position sensors, that the fluid motion itself supplies

sensitivity to angular acceleration, and that the epithelial cells and their hairs

respond to vibratory stimuli.

The properties of the Type 2 position receptor suggest an interesting area

for further research. The ability to determine the direction from which a posi-

tion is approached indicates some sort of memory and logic scheme in the central

nervous system. To one interested in the general area of neural behavior and

data processing, with applications for example to pattern recognition, every

possible occurrence of this mechanism in nature affords a potential opportunity

for fundamental study.
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3. 3. 2 Utriculus and Semicircular Canals

Man and other verterbrates derive position and motion data from the

inner ear, or labyrinth. The labyrinth consists of two parts: the osseus

labyrinth, a series of cavities in the temporal bone, and the membranous

labyrinth, a structure of communicating membranous sacs and ducts contained

within the bony cavities. The membranous labyrinth is illustrated in Figure

3-11. It roughly corresponds in form and shape to the osseus labyrinth and is

contained in it; it is necessarily somewhat smaller.

The osseus labyrinth consists of three parts: the vestibule, semicircular

canals, and cochlea. The components of the membranous labyrinth that corres-

pond to these divisions are the utricle (utriculus) and saccule in the vestibule,

and the semicircular and cochlear ducts in the respective canals. Details of

construction of the labyrinths may be found in Reference 1.

The three semicircular canals lie in planes that are very nearly mutually

perpendicular. Each canal, in conjunction with the utricle, forms a closed-loop

path for the fluid contained therein. An ampulla in each duct (Fig. 3-11) senses

flow of the internal fluid relative to the duct. When the organ is rotated in the

plane of one of the ducts, the inertia of the fluid column tends initially to hold it

stationary, so that it possesses a relative negative rotation with respect to the

duct wall. This relative rotation is sensed by the ampulla. If the rotation of the

organ continues at a constant angular rate, the fluid inertia is overcome by

frictional and capillary forces so that eventually the fluid and duct rotate togethe.

At this time, there is no relative motion for the ampulla to detect. If rotation

of the organ should be suddenly arrested, the fluid would continue to rotate for a

time from its own inertia; the ampulla would then register a relative rotation in

the direction opposite from that registered during acceleration. Thus. the semi-

circular canals and their ampullae compromise rotational acceleration sensors in

three mutually perpendicular planes.

Detection of the relative fluid motion is accomplished by the cristae, the

receptor organs of the semicircular canals. They are situated in the ampullae

and consist of a structure of hairs and hair cells arranged to be sensitive to

motion of the canal fluid. The detection threshold for angular acceleration is

between I and 20/sec 2 (Ref. 2).
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The possibility that rectilinear acceleration is also detected by the

semicircular canals has been proposed by ',IcNally and Tate (noted in Ref. 2).

The mechanism for this operational mode is not obvious since the ducts are of

capillary size and are well supported. ,,cNally and Tate apparently ascribe

this rectilinear sensitivity only to the vertical canals.

The utricle and saccule are funJamentally similar in construction to the

statocyst described in Section 3. 2.1 and as such should be inherently capable of

sensing gravitational pull and linear acceleration. Evidence concerning the

function of these components is conflicting, However, sensitivity to both tilt and

linear acceleration are credited to the utricle, while the present concensus is

that the saccule is an orrgan associated with the cochlea and designed for the

reception of slow vibrational stimuli (Ref. 14). It may be an organ for the

registration of vibrations in the head transmitted through bone-as distinct from

vibrations in air. The appreciation of the sound of one's own voice may possibly

depend therefore upon saccular as well as upon cochlear function (Ref. 2).

3. 3.3 Lateral Line Or-ans

h. latt-ral lin was once thou.,ht to contrib-ute to th. y. intcnancc of

-,jailil),iurn (Re. 32). Iowcvcr, n) infornati-n hes co-e to li. ht durin- the

p; sent in e'iction -c arAin; -.ny aeuilibratin much-nifn-,n in the _iatr -I line.

Th1e c ¢ ancen,;us ieeois t . be that this r is ;3oci;,-d pr:i-,irily witi the

,.ecepti,,n if vibr'tic~n; it. description is therefore deferred to Section 3.4

which d.,,. ; \,itl, ,',at -u't ject.

0
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3.3,4 Halteres of Diptera

An interesting gyroscopic device is used for aerodynamic stability by the

true flies of the order Diptera. It appears to give the insect sensory indications

of rotation in the yawing plane. This capability is manifest in a pair of organs

known as halteres, The information given here is taken from Pringle's work

(Ref. 33).

The halteres are essentially dumbell shaped organs that oscillate rapidly

in vertical planes during flight. They are swept back from the transverse axis of

the insect by an angle of approximately 300, Their gross morphology varies from

family to family according to the extent of evolutionary development; it is

generally accepted that the halteres are modified hind wings. In the more primi-

tive forms, such as Tipuls of the family tipulidae, the halteres are very long and

exposed; in the more specialized ca3es they are very short (0. 7 mm in Calliphoral,
and in the calyptrate Diptera are covered by a flap of the wing so that they

oscillate in an enclosed space and are presumably little affected by the airstream.

The construction of the haltere is exceedingly complicated both with respect

to its articulation and to its sensilla, Since these are covered in detail in

Reference 33, the present description will be restricted to that necessary for

functional understanding.

A mechanical picture of the haltere operation may be gained by the analog

diagram by Pringle (Ref 33) and shown in Figure 3-1Z. The axis of oscillation

is shown by the bearings AA. This oscillatory motion is sustained by a single

muscle, connected at M and operating in a direction perpendicular to the paper,

and by the restoring torsional spring S. The mass of the system and the elas-

ticity of the spring determine the natural period of alte'nation of the haltere, to

which successive contractions of the muscle must be adjusted in order that the

amplitude of the oscillations build up. Sensors located at the base of the stalk

serve to measure the amplitude of oscillation and regulate it through reflex

inhibition of muscle contraction,

The secondary degree of freedom of the haltere is represented by the pin

at P; damping of the motion about this axis, accomplished by the fluid contents of

3
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the basal structure, is represented by the dashpot FT. "When the haltere

oscillates about the Lxis AA the mass of the moving portion, considered as

located at the center of gravity C, moves round the circumference of a circle.

Siiice the line DB through P and C makes an angle of less than 9C° with the axis

AA, there will be a torque tending to rotate the line EP into the position YY at

right angles to AA, This torque is discontinuous, but it is always in the direc-

tion tending to rotate the line 13P into the position YY; it fluctuates at a frfequency

twice that of the oscillation of the haltere. Provided the articulation at P is

sufficiently free and the damping produced by the fluid contents of the haltere is

sufficient to average out this fluctuatingY torque, the slight secondary freedom of

movement will therefore ensure that the centre of gravity of the moving portion

of the haltere always moves in a plane through P at right angles to the axis AA,

i.e. a vertical plane if AA is horizontal. Curvatures and irregularities in the

stalk are therefore unimportant, and when the haltere is oscillating with the

insect at restthe forces acting on the basal region just distal to the secondary

articulation will always be in the vertical plane.

'Now consider the effect on the dynamics of the haltere of angular rotations

of the entire fly. The angular momentum of the oscillating mass, being rotated

out of its own plane of oscillation, will produce gyroscopic torques in the same

way as if the mass were continuously rotating, except that these torques will not

be constant in magnitude or direction. In order to obtain a satisfactory theoreti-

cal treatment of the problem of an oscillating gyroscope it is necessary to make

three approximations, each of which will be examined later: (a) that the oscillat-

ing system distal to the articulations already described is rigid, (b) that the

mass of the system is concentrated at a point, and (c) that the oscillation is a

simple harmonic motion. With this simplification the properties of the system

may be analyzed by the methods of dynamics. The analysis shows that, apart

from the primary torques inherent in the oscillatory motion and present when

the fly is stationary, angular rotations of the whole fly set up a torque at the base

of the haltere acting about an axis at right angles to the moving stalk in the plane

of oscillation; and, further, that whatever the plane of rotation of the fly this is

the only new torque set up6 The magnitude and periodicity of the torques at the

base of the haltere differ for different planes of rotation." (Ref. 33).
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As a result of his anatomical studies, experiments, and dynamic analysis,

Pringle advances the following hypothesis to explain the function of the halteres:

(1) "The halters of Diptera are organs of special sense giving

an indication to the fly of rotations in the yawing plane.

(2) "The discharge of impulses in the haltere nerve is inter-

preted as indicating a turn to the left or to the right

according as the impulses from the basal plate sensilla

precede or follow those from the large chordotonal organ.

(3) "The impulses from the dorsal and ventral scapal plate

sensilla serve to measure the amplitude of the haltere

oscillation and, by reflexly inhibiting the contractions

of the haltere muscle, preserve a constant amplitude of

oscillation.

(4) "The rate of rotation in yaw is indicated by the relative

0timing of the impulses from the basal plate sensilla

those from the large. chordotonal organ, and also by

their intensity (i.e. number of sensilla excited). If

there is no separation in time, a simultaneous increase

in intensity of both will have no effect. Slight malad-

justment of the organ so that both groups are excited

in the absence of rotation will therefore not be inter-

preted as a turn.

(5) "For a given direction of rotation the two halteres will

be oppositely excited; the indications must therefore be

interpreted in opposite sense.

(6) 'Pitching and rolling rotations are not interpreted as

turns owing to differences in the timing of the impulses.

Since the haltere system is fundamentally incapable of

distinguishing between pitching and rolling rotations,

it is difficult to see how it can give useful indications

in these planes." (Ref. 33).
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In general aerodynamic terms, the fly probably shows what is known as

"spiral instability". Any slight inequality in the force produced by wings of

opposite sides will generate a rolling and yawing moment which, if not immedi-

ately corrected by some reflex mechanism, will lead to a spin (Ref. 33). The

evidence suggests that the halteres mechanism provides the means for such a

reflex correction.

The gyroscopic system represented by the halteres mechanism is striking

in its elegance. However, its most interesting feature from the point of view of

this study may be the form in which its data are presented to the insect. The

fact that yaw rate is represented in part by the relative timing of pulses suggests

that the insect has a capability to process information with pulse-position coding.

This implication, together with the very small size of the processing system,

makes the associated neural networks appear fully as interesting as the mechani-

cal features of the gyroscope itself.

3.4 Sound and Vibration

The distinctions between sound and vibration are not universally drawn,

nor will an attempt be made here to delineate them. If a rule-of-thumb is

desired, it is convenient to separate sound from other vibratory phenomena on

the basis of the transmitting medium, i. e., to say that vibrations transmitted

through the air are sound. Such a distinction is adequate for the present pur-

poses.

3.4.1 The Ear

Descriptions of the anatomy and physiology of the ear of the human and

many other species abound in the literature (e. g., Refs. 1, Z, 14, 34, through

38). Therefore only a general description and some points of interest are pre-

sented here. The human ear will serve as the basis for these remarks although

its fundamentals are shared with the auditory organs of many species.

The ear may be con.3idered functionally to consist of two main elements:

a transducer and an impedance-matching device. The transducer, which

converts the sound waves into nerve impulses is called the cochlea. The

remainder of the auditory mechanism, consists of the external ear (auricula),
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eardrum (tympanum), auditory canals, and a delicate sequence of bony

components. The function of these latter components is to match the acoustic

impedance of the cochlea to the ambient air, thereby transmitting the pressure

variations from the air to the cochlear fluid with little energy loss,

The cochlea is a spiral canal which is described by Best and Taylor as

follows:

"The canal makes 2 3/4 turns round a central pillar of bone called the

modiolus. The smallest turns of the cochlea are at its apex. A ledge of bone

winding around the modiolus like the thread of a screw-nail divides the spiral

canal incompletely into two parts. The partition is completed by a membranous

structure-the basilar membrane-which extends from the tip of the lamina

spiralis ossea to the center wall of the canal. A second membrane-Reissner's

membrane-stretches from the upper surface of the bony lamina to a point a short

distance above the outer attachment of the basilar membrane. The original

osseous canal is divided in this way into three spiral compartments or galleries

(Fig. 3-13). The gallery below the basilar membrane is called the scala tympani,

the one above Reissner's membrane, the scala vestibuli, while the one enclosed

between the two membranes is known as the scala media, the cochlear duct or

the membranous cochlea. The membranous cochlea is filled with a fluid known

as endolymph, while the osseous canals, i.e., the scala vestibuli and scala

tympani, are filled with perilymph. The scala vestibuli and scala tympani com-

municate with one another at the cupula of the cochlea through a small aperture

called the helicotrema. The scala media ends here as a closed sac, but its

basal extremity communicates with the non-auditory labyrinth through the canalis

reuniens or duct of Hensen."

"The auditory receptors. The sensory cells together with sustentacular

elements constitute a structure known as the spiral organ of Corti. This lies

within the scala media, occupying the inner half or so of the basilar membrane.

It presents towards its inner part two rows of elongated epithelia! elements of

peculiar shape-the inner and outer rods (or pillars) of Corti-which stand with

their expanded bases planted upon the basilar membrane. The bases of the rods

0
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of the two rows are separated by an interval, but above the membrane their

bodies incline towards one another and, meeting at an angle, their extremities

fit into one another in a manner much as one clasps a fist with the other hand.

They form by this arrangement, a triangular tunnel whose floor is covered by

two nucleated scraps of protoplasn which actually are the undifferentiated parts

of the cells from which the corresponding rods have developed. The arches of

Corti increase progressively in height from the basal to the apical turns of the

cochlea.

"The hair cells are the essential sensory elements. They are seen as

four rows of short columnar cells, one row lying on the inner side and three on

the outer side of the corresponding rod. The inner hair cells number about

3500; their free ends are in line with the surfaces of the rods, but their bases

extend only half way to the basilar membrane. The free surface of each hair

cell of both inner and outer rows is surmounted by some twenty hair-lijce pro-

cesses. One or two rows of cells support the bases and inner aspects of the inne

hair cells. The outer hair cells are longer than the inner and more numerous

(12, 000); they are separated from the basilar membrane by cells arranled in

several rows-the cells of Deiters -which send slender processes between the

rows of the sensitive cells. That part of the organ of Corti lying on the outer

side of Deiters' cells and the outermost row of hair cells is composed of several

layers of columnar cells-the supporting cells of Hensen.
"The tectorial membrane is a delicate, almost homogenous structure,

somewhat paddle-shaped in transverse sections of the scala media; it overlies

the inner half or more of the spiral organ. Arising from a point near the base

of the lamina spiralis ossea it ends laterally in an irregularly fringed or scallop-

ed free margin. The hairs of the sensory cells of all four rows are embedded

in its under surface." (Ref. 2).

There are various theories of the manner in which sound waves are con-

verted to nerve impulses, and subsequently to the sensations of sound. In

particular, the ability to discriminate both intensity and pitch is not firmly under-

stood. The theories may be divided into:
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1. Place theory

a. resonance

b. traveling wave

2. Frequency theory

The place taeories involve the manner in -w'iich the basilar membrane responds

to different sound frequencies; neither -ipecifics the mechanism of end-organ

excitation. The frequency theory does not require the cochlea to respond differ-

entially alon.., its extent for frequency reception. Rather, the frequency of the

sound wave is presumed to be reproduced in the frequency of nerve discharge,

the cerebral cortex providing the interpretation function. There are many diffi-

culties to the frequency theory and the evidence for the place theory seems

overwhelming (Ref. 14).

The cochlea represents the most sensitive of the general class of mechano-

receptors (Ref. 34). The minimum audible energy for the human car is about
-Iag-

10 er,, compared to the minimum visible ener .y of about 1J 1 ' er2, (Ref. 35).

Its sensitivity, plus the sophistication of its sensin , and data processin: rnech,%n-

isrn recommend it for considerably more study in any continuation of the present

survey.

3.4.2 Weberian Ossicles and Swimbladder

The minnow is endowed with a mechanism which is believed to have among

its functions the sensing of vibrations. The swimbladder is an elongated

sausage-shaped organ of two parts-the anterior and posterior sacs. The organ

is located in the abdominal cavity dorsal to the alimentary canal and ventral to

the verterbral column. At the anterior end of the organ there is a gland, or red

body, which maintains proper inflation of the sac by the secretion or reabsorption

of gas.

Although the swimbladder is considered to be associated with the measure-

ment of pressure, there are features of it that suggest its capability as a vibration

sensor. Evans (Ref. 39) describes a connection between the swimbladder and the

ear as follows:

"The most characteristic feature of this group (family Cyprinidae) is the

modification of the anterior four verterbrae, often co-ossified and bearing a chain
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of small bones, the 'V eberian ossicles, which connect the air bladder with the

ear. The most posterior of these ossicles is attached to the anterior end of the

anterior sac. The physiological significance of these so-called ossicles is still

an unsettled problem." (Ref. 39).

Prior to 1915, biologists did not share a common view on the subject and

work was being done on both pressure and vibration sensing. liowever. new

experimental investigations inl915 brought new facts to light. Kuiper destroyed

the ',"eberian ossicles and noted the reaction of fish exposed to pressure changes,

light alternations, vibrations, and static disturbances (discussed in Ref. 39).

The fish in which the ossicles were destroyed reacted .o all stimuli except

vibration. He then experimented with fish in which the eighth cranial nerve was

cut and found that the fish would respond to light changes but not to vibration

or static disturbances.

Subsequent thinking seems to reflect Kuiper's results. Evans (Ref, 39)

states that, "The arrangement of ossicles seems peculiarly designed for the

purpose of recording rapidly-recurring movements of small amplitude." Ile

also states a second point in support of the vibration capability: "The wal of

the air bladder is capable of vibrating synchronously with rapidly-recurring

sound waves."

The question remains unresolved, but the evidence for a vibration-sensing

function in the swimbladder is substantial.

3-4. 3 Lateral Line Systeyn5

Lateral line systerns arc found in the cyclostomes, fishes, aqu.tic larval

sta !es of amphibians, -nu in virious de Trees of development in some adult

mphibia. In most fish, the system comprises . series of mucous-filled canals

enclosin, sense or-,ans and openin to the surface at intervals throu , h small

pores. <hce c;anal.s ,enerally br,)ncli considerably in the cephalic recion.

i'hcr . is considerable variatiun within the roup. Some fish have superficial

organs in aduition to those in the can-il; others h. ve ora,,ns located in shallow

surface 'r oves rather than in the deeper canal.. 'rphibians exhibit this

superficial type of sense or 'an arran ed in a series of lines.
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jIho 'eneral struicture of thae s_,ense or~yans, or neui-omacts, associated

with th.- lateral line systems is pcar-shapeui in cross secLiorI. !-he sense culls

arc contrally located an,- arc tcltr-shape _, taperin; towvard the_ frcee surface of

the 3r-fan. Zi, ach cell bears a hair-like proc-ess at itS Lip). There is a L.ru e

ovoidA nucleus in eachi sense cc;l, and raitochondria appear to accuinul.!te at the

-ijttal end. "he sense or: ans are innervated an- supplied xith capillaries

throu:,h apeltures in the scales.

'Ele canals of tile lateral line are filled with jelly-lika mucous aind are

always in contact with the surroundin, \ water. I'Ie fluia in the canal of the

swirninin- fish, evoked by the flow, of the external rmedium throu -h the lateral

line pores, produces a ciliary bend~in.- of the sensory cells. This bending,

combineu withl the deformation of these cells, stimulates tile production of nerve

irrpul S s.

Thle lateral line systeni is found to be sensitive to vibratory phenomena of

frequencies, up to 344 cps (Ref. 36). It is theorized that the lateral line organs

are recjptor7s in a short-ran ; uditory systern (Ref. 35).

3.4.4 TLyriform Orian

It has been shown that at least two species of spider have sensitive vibra-

tion receptors located ,)n each of the~ir G le-s (R,:f. 40). i'lie spide-r uses this

sense to dletect, and to some extenm identify, obj.ct7. that come in contact with

its web. H4is behavioral response to a vibration stirniulus depends upon the

frequ.acy ,Asdduat of La-, .sti..ulus and may cor sist of either attack or

escape.

The -Cceptor iT theli ion m : .'- a d3Ltaile-:I 'eicription may be

fill i Ref2-.-,nce 41. Tt is .te'Ie .5cnsFitivc to vibration. Walcott and Van
rKl,.)-t (Ref. 40) '_ _ r.Ainee 'i L' at >xie (requ n.rcy of its pe.~k sensitivity the

r-c eptor responds to .eh'i~1'.~l~cmn 1i litile :- Z._ x 10-6 mm.

It v,s 1.2nonst.a...1 th:-,. LAi. v jiuc ?ahiv of rc.;j)9neLn , to veb vil,.'tions

_- ac ic sci _ ruin 4 .iO t. 3, n0 , n. tii i. ci.n Ldiitinf~ui~,h vib riti_ ns at

~,G7;Jcsfo hs i Uf~~1u ,a)cu The receptor is also
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iUiitive to airborne sound. UnJIer ideal conditions is will respond to a 4, 000

-) ,i -n..l at a soundpressdLre of 23 db -- the threshold of the hurnan ear at this

f, cqu-ncy is about 3 db (Ref. 4C).

he vibration receptor responds to increasing stimulus intensity with an

increase in the rate of nerve imrulses. rhL or,:an adapts to a continued

stimulus in 20-30 sec, and requires about 10 minutes to coinpletely recover from

the adaptation. The speed of response to a newly-presenteu stimulus is in the

ran.,e of 6-15 ms depcndin- on frequency -.nd intensity of the stimulus.

3. 5 C)nclusion

This section -n mechanoreceptors represents a b2;inning of a survey of

the field, employin-, the "cataloin a' approach discussed in Section 2. It is

apparent ti jt additional effort could be profitably expended in fillin.- out the

areas covered, as well as extending the study to new areas.

The ear represents an e cample of a :sensor ;,bout which a -reat deal of

literature has been written and which offers some interesting possibilities in

at least two directions, First of all, the ear is a rathr elegant acoustic device.

Second, the ear and its associated neural system is a livin- information-

processing system, the operation of which is far from being well understood.

The variations in form and complexity of aural receptors among the phyla offer

a broad source of information from which both the acoustic and neural operations

mny ultimately be deduced.

Another point about mechanoreceptors involves a potential application.

The Navy has for some time been interusted in the way that fish are able to

swim at widely varyingy speeds without encounterin: the problems of cavitation

that plague boat designers. The optimum shape of - body movin7 through the

water is highly dependent on the speed of the body. It appears that fish are

able to adjust their shape and manner of locomotion to a degrec sufficient to

meet the cavitation problem. Thi.1 suggesis a reflex system in which sensors

are able to detect incipient cavitation conditions and effect a motor response to

correct the situation. It seems quite natural to e.xpect th ,t a continuation of the

present study into areas relevant to this question could accelerate a solution to

the problem. This case is one example typical of the potential yield of applicable

material within this category which we have not as yet fully explored,
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4. Photoreceptors

Helmholtz is reported to have said that if an optician made for him an

optical system as poor as that of the human eye, he would not accept it. What-

ever the specific geometrical limitations of the eye may be, the total visual

apparatus is undoubtedly a wonderful mechanism.

This study has brought to notice some special features of the visual

sense, which could lead to the development of several new devices.

Several of the remarkable properties of vision are associated with the

visual acuity of the eye. Acuity is resolving power and can be defined in several

ways according to the type of object being resolved. Normaly, acuity is defined

as the angular width of the smallest letter of an optician' s eyetesting chart that can

be reliably identified. With this definition normal human acuity is about I

minute of arc (1/3 milli radian). However, this is the acuity at the center of the

field of view, i.e. along the axis of regard. It is easily verifiable that acuity

falls off very rapidly away from this axis. Thus if the eye is concentrated - i.e.

fixated - on one letter of this text, which subtends 25 minutes at 12 inches, ad-

jacent letters can be discerned only with difficulty, and those 4 or 5 places away

are virtually unidentifiabl e. It is well known that in reading, the axis of regard

is made to scan over the lines of text, so that the poor acuity away from the axis

is no handicap. In fact it is an asset, since if we were able to resolve all the

detail on a page without having to direct the axis of regard, the mind would be

swamped with information. It is, of course, no accid.f that our reading and

writing techniques are matched to the acuity characteristics of the eye and to the

maximum data handling capabilities of the brain.

Although it is well known that our attention must scan a page of text in

order to read it, it is pe-rhaps not so widely appreciated that the scanning process

is accomplished, essentially, by precise mechanical scanning cf the optical axis

of the eye over the page. The impression we get, however, is that the total

visual impression is available all the time and that we merely direct our attention-

a purely mental function - at each letter or group of letters. It is this illusion
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which allows us to believe that the eye presents the brain with a vast panoramic

high definition picture. In fact, as will be shown later, the effective retinal

image averages out to be equivalent to a relatively low definition picture.

The acuity of the eye, as a function of angular displacement from the

axis of regard, has its physical origin in the structure of the retina (Figs. 4-1

and 4-2). The photoreceptors - rods and cones - are located in the retina. In

the central portion - the macula - most of the receptors are connected to the

brain through individual nerve fibers. At the very center of the macula - the

fovea - virtually all receptors have a "private Una's to the brain. Elsewhere in

the retina groups of photoreceptor cells are parallel connected to a single nerve

fiber. The photoreceptors represent in some way a ',grain, structure in the

visual image, so that acuity must necessarily fall off away from the fovea.

Because acuity is so sharply concentrated at the fovea, the oculomotor

apparatus that controls the orientation of the eyeball, relative to the head, is a

most important part of the total visual mechanism. A great deal of spatial

information is obtained directly from the oculomotor apparatus; we have the

impression of knowing in great detail the physical structure of the room in which

we are sitting, yet in any one position of the eyeball only a very small part of

the visual scene can be observed with any sort of detail. Thus, large scale

detailed spatial information cannot come from the retina alone. ",Normally,

information concerning the positions of objects in space is to a large extent de-

pendent upon proprioceptor impulses arising in the ocular muscles. When, for

example, we look at an object straight in front of us an image falls upon the

macula of each retina. When we look at an object to one side the eyes are turned

so that the images fall again upon precisely the same areas - the maculae-. The

actual position of the object - whether in front or to one side - is made known to

us by afferent impulses set up in the muscles as they turn the eyes into position.

Such impulses serve also as a basis for the nice correlation between visual

sensations and various body movements. When, as a result of paralysis of

certain muscles, the eye does not move with the sound eye, the impulses arising

in the muscles of the latter convey the impression, nevertheless, that such a

movement has taken place. Let us say the outward movement of the right eye is
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paralyzed and the left, sound eye, is covered; when the latter turns to the right

the patient believes the paralyzed eye does so to the same degree The image

in this eye, which continues to look forward, falls upon the nasal side of the

retina. Since earliest experiences have taught him that an image falling upon

the nasal part of the retina when this eye is rotated outwards represents an

object well over to the right, he falsely project the image into this position, and

makes the appropriate movements of the hand in an attempt to touch the object".

(Ref. 1).

In addition to the conscious motion of the eye and motions in response to

external stimuli, there are several small involuntary motions which are essential

for vision. Recently ways have been found of stabilizing the image on the retina

in spite of the involuntary motion of the eye and then, it is found, the visual

conscious impression quickly fades out (Refs. 2 and 3).

In recent years very precise techniques have been developed for the

measurement of eye motion - a su'.ject referred to here as oculometry. These

techniques have, so far, apparently only been applied to physiological and

psychological research, the equipment involved has not been developed or engi- -

neered beyond the laboratory stage. There appear, however, to be numerous

useful applications in other fields.

The reason that oculometry appears so fruitful a field of exploitation is

that it allows a simple and effective ,t ap,, to be made into one of the most

important human sensory input channels. It is probably unique in thia respect -

i.e. connection to an input sensory channel will usually involve the surgi:al ime.

plantation of electrodes, and the data obtained may be subject to ambiguities

arising from such effects as adapt i.tion.

Whenever a man is made part of a machine system - i. e . as an aircraft

pilot, a missile tracking camera operator, an anti-tank guided missile operator,

etc. - he is almost always included in order that use may be made of hie

phenomenal power of pattern recognition. It is this human faculty that cannot be

reproduced by a machine - and yet it is so often required. Thus it is only to be

0
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expec ted that many useful applications of oculometry will be found at the man/

machine interface, Oculometry will allow the optimum use to be made of the

superior human faculties without the heretofore, inevitable limitations of the

inferior human faculties - e. g. a man may often perceive a target yet be unable

to move his hands quickly enough to bring a gun to bear on it. A machine can

move and orient a gun much better than a man, but a man can pick out a target

under conditions in which it would be impossible for a machine to do so.

Two general types of application of oculometry are discussed briefly

below.

In command control systems, such as for example a wire guided anti-tank

missile, a human operator is required to perceive the spatial relation of missile

and target and then to generate guidance commands with a control stick. As

already discussed, perception of spatial information stems largely from the

oculomotor apparatus. Thus the technqiue of oculometry wifl allow this inform-

ation to be extracted in the same form, and at the same time, as it is presented to

the consciousness. In this way the sequence, in the normal use of a human opera-

tor, of translating the conscious perception of the spatial situation of missile and

target into control stick motion, is eliminated. It is this part of the human

operator activity that involves learning how to control the missile, and is respon-

sible also for the noise, nonlinearity, inaccuracy and some of the sluggishness of

the human operator. The oculomotor activity involved in both the normal and the

proposed arrangement represents an irreducible minimum of activity for the

human operator as it is essential for perception. It is, however, a very well

practiced (over a lifetime) and highly developed neuromuscular activity. Thought

of as a position servo, it has a very good position feedback loop to the brain via

the retin a, whereas the position feedback involved in control stick motion is the

relatively crude sense of touch and pressure.

A second general application of oculometry would be to what might be

called HI-FI TV.

In the early days of radio and the phonograph people heardmusicand voices

reproduced artificially but nobody could then be deceived into mistaking a repro-

duced sound for the real thing. Nowadays, however, sound reproduction can be

0.,Imost, if not entirely in some cases, indistinguishable from the real thing.
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We are now able, by means of TV, to see pictures reproduced electron-

ically. However, no one is ever deceived into mistaking a TV image for the

real thing. Even if depth of contrast were improved, and the picture presented

stereoscopicaily and in perfect color, still no one could mistake the stimulus

obtained by sitting in front of the TV set with the real thing. The essential

limitation of TV, as we know it, is field of view. A TV screen at normal view-

ing distance has a very small angular width. The limitation of such a narrow field

can be readily appreciated by stopping down the eyes to an angle equivalent to a

TV screen at 12 feet. From the point of view of gaining a total visual impression,

it is almost like being blind when the eyes are restricted in this way.

Thus it is clear that to produce a HI-FI TV system, that would be virtually

indistinguishable from reality, a very large angular field of view will be necessaryo

However, to increase the field of view of the domestic rv system to match that of

the eye, and at the same time to maintain its grain structure quality, a band-

width of over 2, 000 mc would be required, compared to the 5 mc of normal

domestic TV.

It is not necessary, however, to maintain the -rain structure quality over

the whole field of view. As has been pointed out earlier, the acuity of the eye

falls off very rapidly away from the axis. Thus the grain structure of the TV

system can be allowed to deteriorate away from the axis of regard without any

noticeable effect. In this way the bandwidth requirements may be less, by orders

of magnitude, than that even of the present domestic TV system.

In order to make a HI-Fl TV system of the type discussed, two things

are necessary:

(1) a TV scanning system in which the grain structure is a function of

the angular separation from the central axis of the system.

(2) alignment of the TV camera to be under the sole control of the

observer' s oculomotor apparatus. thus, this HI-FI system can

only be used by one observer per camera.

It is shown later how the techniques of oculometry can be applied to make such a

TV system possible.

I
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It is emphasized that the design aim could be to produce a TV system that

was quite literally indistinguishable from reality. The illusion would be

complete: no visual impression would be gained of the TV monitor or its surround-

ings. The sole impression would be that derived by an eye located at the TV

camera.

It is instructive to conside- the implications of such a TV system. It is

well known that our sensual contact with the world is almost entirely via the

senses of sound and sight. The other senses do convey information but mainly

for more or less closed loop functions such as stability, protection from damage,

etc. Our ability to get the "#feel,, or "presence"# of an environment depends almost

entirely on the sense of sight and sound. Without them we are virtually isolated

from the world, with them we maintain whatever contact our inner consciousness

has with reality. The development of a truly HI-FI TV system would thus per-

mit us to experience reality at a distance.

Useful applications of HI-FI TV can be envisaged for thos situations in

which it would prove easier or cheaper to transmit the HI-FI television pictures

than to physically transport a human being. If sensual impressions identical to

those obtained by being actually present can be derived by TV, there seems to be

no logical reason (from the point of view of passive observation) for making the

journey. An obvious example, of course, is travel to the moon and planets for

the purposes of exploration. In this case, enormous advantages accrue by sending

expendable TV equipment rather than a non-expendable astronaut an such journeys,

However, the delay involved in the round trip communications link -due to the

finite velocity of electromagnetic waves- would probably restrict the useful

range between camera and monitor, to about 10, 000 miles for a truly HI-FI TV

system. Beyond this range an appreciable delay would occur between the observer

moving his eye and the reception at the monitor of the newly oriented picture.

Between earth and moon the delay is about Z 1/Z sec so there can be no suggesdan

that remote TV over this distance could duplicate the visual sense.

The Z 1/2 second transmission delay to the moon and back is a disadvantage

for a conventional remote TV System, as discussed in Reference 4. However, by
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accepting this limitation, some form of moon exploration can be undertaken

almost at once. It is shown later that, by using an oculometrically controlled

TV System, a very substantial saving in bandwidth can be effected. This is

important as power requirements are directly related to bandvAdth.

4.1 The Human Eye

From the systems point of view the human visual apparatus may be con-

sidered as comprisi..g: an optical system of which the aperture, focal length, and

axis of pointing are controlled by nervous and muscular action - a photo sensitive

screen, i.e. the retina, on which an inverted optical image is formed of the

scene being viewed - an information transmission system, i.e. the nerve fibers

linking the retina to the brain - and an interpretive mechanism whereby the data

transmitted by the photosensitive elements of the retina is processed to yield

useful information for the consciousness. This interpretive mechanism is not

well understood; it is thought to occur in the retina itself to some extent, as well

*as in the brain.

4.1.1 The Retina

The retina is the screen at the back of the eye on which is formed a real

image of the scene being viewed. It consists of a number of layers of nervous

elements. As light passes into the retina from the vitreous humor it meets first

an outer layer of nerve fibers that connect the photoreceptors to the brain via the

optic nerve. Near the back, or base, of the retina is the layer of rods and cones

which are the actual photoreceptive elements. These are connected to the nerve

fibers at the upper layer of the retina by various types of neural interconnections.

In the central foveal regioa of the retina each photoreceptor has its own nerve

fiber line to the brain. At other points on the retina groups of photoreceptors

must share a nerve fiber, and thus visual acuity is reduced. At the center of the

rmacula- the fovea -the upper retinal layer of nerve fibers thins out, and the rods

and cones are thinner and more closely packed as shown in Figure 4-2.
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The photoreceptors respond by means of a photochemical reaction involv-

ing the pigments rhodopsin, for the rods, and iodopsin for the cones.

The initial step in the visual stimulation of the optic nerves is the photo-

chemical reaction illustrated in Figure 4. 3. The final regeneration of rhodopsin

from vitamin A takes place in the living retina during the dark adaptation period.

Stimulation of the optic nerve is, presumably, effected either directly or indirectly

by the presence at the retinal synapses of the breakdown substances of rhodopsino

The signals occurring in the optic nerve fibers in response to a visual

stimulus consist of a series of short pulses, the pulse repition rate being pro-

portional to the intensity of the visual stimulus. An action potential can be

detected between the retina and cornea, the amplitude of which is related to the

intensity of the visual stimulus. The cones, which are about 28-85 u long, are

concentrated in the central part of the retina. In the fovea there are virtually no

rods. At the periphery of the retina the receptors are virtually all rods which

are about 40-60 tL long.

The distribution of rodes and cones in the retina is illustrated in Fig. 4-4.

According to most texts, the cones function only at relatively high light intensities

and the rods cease to respond above a certain light intensity. At very low levels

of illumination only the rods function. There is a range of intensity over which

both rods and cones function. The light adapted cone vision is called scoptopic and

the dark adapted rod vision photopic. The range of intensities over which the

eye will operate is very large-105 - and this is explained, according to the duplicity

theory above, partly by the existence of two types of photoreceptors with different

operating ranges, and partly by the large dynamic range of each type.

In another theory (Ref. 5) the rods and cones are considered to be more or

less equally responsive. Calculatiom quoted in Reference 5 show that there are

not enough quanta available to stimulate each individual receptor, except at the

highest levels of illumination. Thus since cones are chiefly connected singly, or

in small groups, to a nerve fiber, very few cone connected nerve fibers beco me

active in low or moderate light intensity. The rods, however, are mostly

connected in large groups to a nerve fiber so that rod connected fibers will

0
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continue to respond even though the number of quanta per rod may be very low.

At the threshold of vision the quantum flux is equal to one quantum per photo-

receptor per 103 secs. At an intensity 10 5 times this the number is 10aper photo-

receptor per second. The summation time of the photoreceptors may be taken

as 0.1 sec, so that even at this high level of illumination only 10 quanta per

summation time arrive, on the average, at each photoreceptor. These figures

do not allow for losses in transmission through the eye or in the photoreceptors

themselves. Thus it is clear that for most of the range of illumination over which

the eye operates the actual origin of the visual stimulus is a photochemical react

involving only a very few quanta.

This theory explains the relationship between acuity and illumination, in

effect, by asserting that human visual acuity approaches the limit set by the

quantum nature of light energy, the size of the pupil of the eye, and the summation i

time.

In both theories the visual action changes from cones to rods as illumin-

ation is decreased, thus explaining color blindness at low illumination.

Many theories of color vision have been advanced. However, it is known

that it is the cones that are color responsive. A recent theory (Ref. 6) has

suggested that the individual cones act as optical wave guides to produce standing

waves, the spatial pattern of which is a function of the color. Thus, color

discrimination could be due to a spatial pattern in the nervous stimulation

mechanism within each cone, and not to the pres enceof several different types

of photochemical material.

The acuity of the human eye depends to some extent on the type of object

being resolved. In Figure 4-5, the grating, vernier and line acuities are shown,

together with the diffraction pattern of a point source, and an indication of the

size of the individual photoreceptors. It can be seen that the size of the photo -

receptors is reasonably related to the diffraction pattern. and that the grating

acuity corresponds to both. However, the single line acuity is considerably

better than might be expected. It was thought at one time that the small invol-

untary motion of the eye was the mechanism by which this fine detail was resolved

by the eye. However, experiments have been reported (Ref. 7) which tend to

disprove this theory.
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It has been pointed out that the considerable length of the cones poses a

difficulty in understanding visual acuity since a point image - actually the diffrac-

tion pattern of a point i. e. a circle about 5 u in diameter - may be produced by a

cone of light up to approximately 200 angular width. Thus after traversing the

length of a cone - a distance of about 60 L - it would be expected to cover a circle

of diameter of about 20 a (Fig. 4-6). A tunneling theory has been proposed to

explain why this does not happen. It is postulated that the refractive indices of the

cone and the medium in which it is situated are such that the 200 cone of light is

captured and confined to the cone by total reflection at the walls. The theory

involves the tipering of the cones, ind is ible to explain the Stiles and 2rawford effect

namely the reduction in the sensitivity of cones to light entering the pupil near

its edge, compared to that entering in the center of the pupil (Ref. 8).

The highest acuity of the eye is concentrated very sharply at the fovea,

as indicated in Figure 4-Z. It has been claimed that a drop in acuity can be

detected only 3. 5 minutes of arc from the center.

There are estimated to be IZ0 million rods and 6 million cones in the

retina and one million nerve fibers in the optic nerve.

4.1. 2 Optical System

The essential features of the optical system of the human eye are shown in

Figure 4. 7.

4.1.3 Oculomotor Apparatus

The acuity in human vision is concentrated very sharply at the center of

the eye. Little published data on peripheral acuity has been found, In Figure 4. 8

the data taken from Reference 8 giving the acuity out to 10 has been extended by

some approximate subjective measurements. The peripheral acuity is so poor

that our visual sense depends very considerably on the oculomotor apparatus.

The eye is rotated in its socket by muscular action in response to command

from the conscious and subconscious conters of the brain. In addition to reflex

responses there are three involuntary motions of the eyeball which occur when the

eye is steadily fixated on a test point (Refs. 9 through 13):

0
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1. A very small continuous tremor at 40-100 c. p.s. of amplitude

between 10 and 20 seconds of arc.

2. A slow steady drift of up to about 5 minutes of arc in 0.1 to

0. 3 seconds.

3. A sharp flick or saccade of about 5 minutes of arc every 0.1 to

0.3 seconds.

During a steady fixation the total integrated motion of the eye is hardly

ever more than about 10 minutes of arc.

These involuntary eye motions during steady fixation have been the subject

of considerable research. One of the most remarkable discoveries has been that

they are essential for the continued generation of a conscious visual stimulus.

Several methods (Refs. 2 and 3) have been found of stabilizing the image on the

retina so that although the eye may move, the image remains stationary. It is

found that under these conditions the visual conscious sensation rapidly fades

out. In one series of experiments (Ref. 3) the converse of stabilizing the retinal

image i.e. arranging for it to move twice as much as in normal vision, was

undertaken. It was found that a marked improvement was obtained in the acuity

for periods of fixation of 1 sec. or more. Moreover, under these conditions of

viewing " the impression was that the target was ,locked in place,, so that steady

fixation was effortless, automatic. It may be noted that in this condition the

usual cues for fixation are exaggerated. The eye muscles are provided with

double the normal feedback from any drifting of the image away from optimal

fixation,, (Ref. 3). For periods of very short fixation, less than 0. 2 sec, the

best acuity is obtained with the retinal image stabilized. In any viewing condition

it takes about 1/2-1 sec for maximum acuity to develop.

It is possible to experience something of the effect of the fade out of the

visual field due to a stabilized retinal image without any apparatus. If a bright

point, such as a star, is fixated under conditions of very low illumination of a

smoothly textured background, it will be found that the visual field begins to fade

in a second or two, but comes back suddenly, apparently as fixation is lost.
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It has not been established whether the involuntary motion of the eye serves1

any purpose other than to prevent this fade out. It was believed at one time that

the high acuity of the eye relative to the cone size, was due in some way to this

motion. Only one report (Ref. 10) has been found of research into involuntary

eye motion in animals: in this case it was a cat, in which such motion was

observed.

There is evidence (Ref. 14) that the small tremor and slow drift of the eye

are effects due to a slight instability in the neuro muscular feedback system of

the oculomotor apparatus. The saccades, on the other hand, are apparently

triggered by the magnitude of the displacement of the retinal image due to the

other two motions; i. e. it is an unconscious attempt to improve acuity.

In binocular vision both eyes follow each other, in a fixation, to an accurac

of about 10 minutes of arc, which is comparable to the individual involuntary

motions of each eye. The slow drift and tremor in the two eyes are uncorrelated.

The overall correlation is achieved by the saccadic motion which is strongly

W correlated between the two eyes. The maintenance of binocular fixation does not

seem to be dependent on a direct response to, or sensing of, vergence error.

Rather it appears to be dependent on the saccadic responses of the two eyes to

their own fixation errors (Ref. 11). It has been shown that involuntary eye

motions are not important for the perception of depth in stereoscopic vision

(Ref. 15).

The saccadic flick motion of the eye initiated consciously to change the

fixation point, has a latency of 0. 2 second and a maximum speed of up to 500°/sec

for large movements and 100-200 0 /sec. for small movements. In smooth pursuit

motion the latency is again 0.2 sec. The maximum speed of smooth pursuit is

between 30 and 600/sec. A reduction in acuity is observed in viewing moving

objects: at a speed of 100 0 /seco it is halved. It is postulated that this is caused

by a reduction of intensity gradients due to inadequate tracking by the eye. In

general, acuity in observing moving objects can be improved by using higher

levels of illumination (Refs. 9, 16).
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4.1.4 The Information Content of the Retinal Image

The information content of a picture can be taken as the product of the

number of ,grain elements of which it is composed and the number of bits of

information per grain element. The latter quantity is related to the effective

overall signal/moise ratio and is apparent as the depth of contrast in the picture.

The grain structure of the retinal picture is obviously dependent on the

acuity of the eye. As discussed previously this is not uniform over the whole

field of view but is concentrated sharply along the axis of regard and falls off

towards the periphery of the visual field. Little published data on peripheral

acuity has been found. In the course of this study, some approximate measure-

ments have been made of human acuity as a function of angular displacement from

the axis of regard. The results are plotted in Figure 4-8 which also contains

data taken from Reference 7 on the acuity/angular-displacement relationship within

10 of the axis of regard. As plotted in Figure 4-8, acuity has been taken as the

angular width of a just discernible test letter.

An empirical functional relationship has been determined between acuity

(a, in minutes) and angular displacement (0, in minutes) from the axis of regard:

a 1+ 0.0353 0 0 < 0 <100

0-"S "  
0 3"Z 100 < 0

An approximate value for N, the number of separately resolvable grain

elements in the entire visual field can now be deduced. The area of a sphere of

unit radius that lies between e and 0 + dO of the central axis is 2 V sin Od O (Fig.

4-9). The area of the least resolvable detail is -- , thus dN, the number

of grain elements between 0 and 0 + d 0 from the central axis, is given by
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dN 2 w sin 0 dO 8 0 d 0

ad

Thus N =8 0 d U
a 

2

where suitable limits must be given to the integral.

The number. Np, of grain elements in peripheral vision further than 100

minutes of arc from the axis of regard is given by;

3

N 8 10 S.4 0 dOp ' , 6

106

3
l -8 IO 5 " [ 1 2" I

1.7 zzo1

Io 8S" - 4 244

1.2 10 10

88 0 = 6,500

The number Nf of grain elements in foveal vision within 100 minutes of arc

of the axis of regard is given by

N f 8 0 d10

o (1 + 0 . 0 3 5 0 )Z
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8 F (1+0.035 0) d 0 0.035 n0.035 d ]
(0.035) Z Lo (I + 0.035 0 )Z o (1 + 0. 0 3 5 0 )z

I ( I + 0.0350) 0

=6, 540 [loge 4. 5 + 1/4. 5-I

= 6, 540. [0.251
= 1,830

The total number, Nt , of resolvable elements in the visual field is thus

4
N t = Nf + N P 8300 10

These calculations are approximate and intended only to give an estimate of

the order of magnitude involved. Since the eye can actually distinguish a test

letter when it subtends an angle equal to the acuity, as here defined, there may be

perhaps 10 elementary grain elements in what has been taken as the smallest
Tr a 2

resolvable area, - . Thus the total number of elementary grain elements

in the retinal picture is probably of the order of 10 5.

Assuming that the retinal image is transmitted to the brain directly, with-

out significant breakdown or processing by the retina, this figure of 105 effective

grain elements agrees reasonably well with the number of nerve fibers, - 10 - in

the optic nerve. Several factors can be postulated as being responsible for the

10: 1 ratio of nerve fibers to grain elements.

It is conceivable that there is more than one fiber per unit element, here

defined, - possibly because the peripheral acuity may be Limited by optical de-

fects rather than grain structure, and also the method of transmitting color
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information to the brain from each cone may involve multiple nerve fibers rather

than a complex modulation process- as in domestic color TV - within a single

fiber. It is also possible that the peripheral acuity has atrophied, due to lack of

use, and could be improved with practice.

Allowing 4 bits of information per elementary grain element (i. e. 16

brightness levels) and a picture repetion rate of 5 per second, it can be seen that

the information flux at the retina is probably of the order of 2 million bits per

second. The information flux to the consciouness is, of course, very much less

than this, suggesting the existence of some form of mental scanning of the data

available at the retina, similar to the mechanical scanning by the eyeball.

It is very likely that considerable data processing of the retinal image is

performed by the retina itself. In this way the information flux along the optic

nerve may be less than the figure of 2 million bits / second indicated above.

4. 2 Animal Eyes

4.2.1 The Frog

The frog, s eyes move to compensate for body or head motion, but not

for seeking out points of interest in the visual field as does the human eye. The

retina does not have a central area of high acuity.

The frog does not appear to see stationary detail. It is said that he will

starve to death if surrounded by stationary food. Recent investigations (Ref. 17)

have de monstrated that the photographic image as detected by the rods and cones

is subject to logical operations in the retina before transmission to the brain.

The neural sequence is: photode tection by rod or cone - complex synaptic

connections (within the retina) to the ganglion cells - transmission over the

optic nerve fibers to the brain.

There is a synaptic path from each ganglion cell to many rods and cones

and vice versa. These connections are such that each ganglion cell responds to

a particular pattern in a part of the retinal image field. There is extensive

overlapping of the retinal areas that activate each ganglion cell.

Five classes of ganglion response have been described. These are, in

terms of the retinal pattern-

0
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1. sustained edge detection

2. convex edge detection

3. changing contrast detection

4. dimming detection

5. darkness detection

The five classes of ganglion cells are uniformly distributed across the

eighth layer in the retina.

It is apparent that the function of the retina in the frog is not to transmit

information about the point to point pattern of distribution of light and dark in the

image formed on it. Its function is rather to analyse the image at every point

in terms of a few qualitative contexts (standing edges, curvatures, changing

contrast, and local lessening of light Intensity).

4. 2. 2 Arthropod Eyes

0The eyes of most arthropods consist of one or more units - ommatidia -

each of which each is a vertical bundle of cells over which is formed a lens. An

ommatidium is illustrated in Figure 4-10. A true compound eye is composed of

a number of ommatidia - each one with its own lens system. In most compound

eyes the pigment flows up and down the ommatidia according to the light intensity.

Ja dim lighbt it is retracted to leave the sides of the ommatidium exposed, in

bright light it extends to optically separate the whole ommnatidium.

Visiontakes place in two ways according to the situation of the pigment. In

bright light the pigment ensures that a narrow pencil of almost parallel rays falls

on the retinula. There is formed in this mosaic vision, an apposition image,

composed of as many points of light as there are ommatidia. In dim light whea

the pigment is retracted, each ommatidia throws a complete image of the greater

part of the field of vision onto the retinal layer and the images together form a

supposition image, falling in such a way that corresponding points are super-

imposed. Supposition images are less sharp than apposition images but are

formed with less loss of light.

0
44-6



FIC.4-10
ALLIED RESEARCH ASSOCIATES, INC.

BOSTON, MASSACHUSETTS

OMMATIDIUM

LENS

e CRYSTALLINE
... CONE

RIGABNTME

00

BASEMENT
MEMBRANE

0EV

4-27



ALLIED RESEARCH ASSOCIATES, INC. /4 - OSTON ASSACUSEtS

4. 3 Applications

4.3.1 Photodetection

4. 3. 1. 1 Sensitivity of the Human Eye

Consider the eye viewing a screen which has a brightness of one lambert.

Assuming a reflection factor of unity, one square meter of the screen radiates

one lumen. Thus an element of detail of area A of the screen will give rise to a
A

light intensity of - cos 0 candles, in a direction making an angle 0 with the

normal to the screen. Let the eye be placed a distance r from the screen and

directly over this element A of detail, so that the detail subtends an angle a at

the eye (see Figure 4-i).

A = (r a)

Let d be the pupil diameter of the eye; then the light flux enterij the eye is

e 1 - rz az lumens

Assumie d = 3mm = 3 x 10 3 m

a = Z minutes = 1/1800 radian

Therefore,

flux z 9 x 10 - 6  10-14

3Z x 1.8 z x 106  8.7 x lumens

At a wavelength of 5600 ia flux of 2.42 x 10
"1b lumens is equivalent to a flow

of I quantum per second.

Therefore, at a brightness of I lanbert, detail of 2 ininutes of arc angular

width irradiates the eye with a flux of 3. t, x 10 quanta/second. The summation

time of the eye is approximately 1/10 of a second, thus the basic physical stimulus

at this resolution is caused by a packet of only 36 quanta. (It miay be noted that

this calculation agrees well with the results previously quoted fron Reference 5).

The brightness level chosen for this calculation - i.e., I lanibert - is about

in the middle of the human visual range. The outdoor illumination in sunlight is

of the order of 100 lumens/square ,ieter (giving a brightness uf 100 lanberts for
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in ideal white diffusing surface). Desk work usually requires about one to two

lumens per square meter. The threshold of vision ib -t -bout 10 lumens/square:

meter.

The optical efficiency of the eye is fairly poor (1% - 10%) - i. e., most quanta

incident at the eye do not succeed in triggering the photochemical neural response.

It is clear therefore that the rods and cones must be effectively stimulated by only

a very few,possibly individual,quanta.

4. 3.1. 2 Photomultiplier Tube Sensitivity

The photomultiplier tube can be taken as an example of a very sensitive

(inanimate) detector of visible radiation.

It consists of a photoemissive c.ithcde situated near a number of m-,ultiplying

anodes. The purpose of these anodes is to multiply, by the nmechaiiismj of second-

ary emrission, the flow of electrons from the cathode. The mnultiplication factor

that is achieved in commercial tubes is of the order of 10

As in any device, the effective sensitivity of a photornultiplier tube is limited

by noise. If the phototube had no built-in amplification (i.e., electron multiplica-

tiun), but was instead coupled directly to a vacuu,,m tube amplifier, the limiting

noise woulcd be either the thermal noise of the input impedance of the amplifier

(i.e., the load impedance of the photutube) or else the shot noise in the first stage

of the amplifier. However, by using electron multiplication in the phototube itself,

the phototube output signal level car be raised well above the inherent noise of any
succeeding amplifying stages. With this arrangement the limiting noise becomes

the shot noise associated with the dark current of the phutotube. The dark current

is due principally to the thernrionic eiission of electrons from, the phutocathode

that (occurs even when no light falls upon it. (Shut noise is the statistical variation

of an electric current arising from its discrete - rather than continuous - structure

of i, uividual electronic charges).

The characteristics of the Dumont type 6467 photomultiplier tube are given

below, in abridged form, as an example uf a commercially available photornulti-

plier tube.
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0 0

Spectral Response 3250 A - 6125 A

Cathode luminous sensitivity 60 u A/lumen

Anode luminous sensitivity 12 A/lumen

Anode dark current .05 uA

Current amplification 215,000

"A indow diameter I inch

The cathode dark current is . 05 Z 215, 000 IL A, i. e., 2. 33 x 10"13 A. Thus

the dark current shot noise is equivalent to a cathode current of:

-/ 0 19  1 - 1 3

irm =,' Zei =2 x 1.6 x 10 x 2.33 x0
1-16

= 2.72 x 10 amps for one cycle bandwidth

-16-16 106
This corresponds to a cathode illumination of 2.72 x 10 x = lumens, i.e.,

4. 55 x 10 lumens for one cycle bandwidth. Over a 10 cps bandwidth (correspond-

ing tu the 1/10 second summation time of the human eye) this figure would be

1. 4 x 10- lumens. It represents the limit of detectability since a light signal

below this value would be swamped by the shot noise. Thus this phototube is about

lbO tines less sensitive than the elementary photoreceptors of the retina.

If a photomultiplier tube is cooled (say to 70 0 K) the thermionic emission
6

from the cathode can be reduced by a factor of 10 . This would reduce the dark

current shot noise by a factor of 10 and thus increase the effective sensitivity of

the tube to 1.44 x 10 lumens over a 10 cps bandwidth. This is about 6 times

the sensitivity of the eye. However, at this extreme sensitivity - virtually at the

quantum limit - other effects, not here considered, may become significant.

4. 3. 1. 3 The Significance of Size

The very small size of the rods and cones allows the resolution of a large

amount of detail by an eye that is small, light, and requires very little power to

operate it or to move it in its socket. It is postulated that the apparent invulnera-

bility of the eye to thermal noise - that limits the performance of a photornultiplier

tube at room temperature - is also attributable to the very sn,all 6ize of the

individual rods and cones. In a photornultiplier cathode there are a large number

molecules and electrons (all subject to thermtial disturbance) and yet when the tube
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is operating at very low light levels there are only a few quanta available for

stimulating photoemission. Thus it is to be expected that the ratio of photon-

stimulated to thermally-stimulated electrons will be very low. If the cathode is

made smaller, the number of thermionically emitted electrons will decrease

while - up to a point - the number of photo-emitted electrons (for the same light

flux) will be the same. Thus in the case of photoernissive surfaces at least, it

would seem that the significance of thermal noise effects - from the point of view

of detecting a given light flux - would be proportional to the size of the cathode.

Although the mechanism of photodetection in the retina is quite different, it seems

plausible that similar considerations apply, i. e., that the signal to noise ratio is

related inversely to the size of the photodetectors. It may be noted that an image

orthicon TV camera is a fairly close analog of the eye - in terms of size, number

of grain elements, and sensitivity. In this camera tube the basic photodetectors

can be considered as the very small elements of the photosensitive screen corre-

sponding to the grain size of the TV picture.

It seems that the sensitivity of the eye, although probably superior to most

inanimate detectors, is not unique and can be approached and duplicated if neces-

sary, although in equipment larger and generally less convenient than that of the

eye. As suggested above, the duplication in inanimate equipment of the extremely

small size of the rods and cones and their interconnections rnay represent an

approach to fully duplicating all the good features of the eye - e. ,., high sensiti-

vity at room temperatures, small size, low power consumption, etc.

There are several other aspects of the visual photodetecting system that

may be considered for future exploitation.

1. The photo-chemical-electrical process associated with the

rods and cones:

a. with the actual chemicals rhodopsin and iodopsin

b. with other complex chemicals.

2. Mass connections to the individual photoreceptors in a pattern

detector, by electronic wires or "neuristor" wires. This is

in contrast to the time division scan over all the elements by

a single beam, as in the image orthicon TV tube.

3. Data processing of the detail in an image before transmission.
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The type of benefits to be looked for as a result of this kind of exploitation

are the development of visual light and pattern detectors that:

I. are light, compact, very sensitive and require little power

to operate.

2. are adaptable over a wide range of illumination.

3. are capable of extracting useful information about the pattern

being observed.

This is particularly relevant to the very pressing need for autonatic character

and script recognition devices. The absence of such devices is a serious bottle-

neck in the utilization of even existing electronic dat-i processing equipment.

4.3.2 Oculometry

4. 3. 2. 1 The Techniques of Oculometry

A considerable amount of work has been done in recent years on the develop-

ment of techniques for the measurement of the orientation of the axis of regard

(Ref. 9). All the work described in the literature, so far discovered, pertains to

devices constructed for the purposes of physiological and psychological research.

The equipment produced for these purposeshas, in the main, only been suitable

for laboratory experiments.

The following are the principal techniques of oculometry:

1. Electro-oculonetry (Refh. 18, 19). A small potential difference exists

between the cornea and retina of the eye. The effect of this potential difference

spreads out into the surrounding tissue and can be detected by electrodes placed

on the skin near the eyes. As the eyeball rotates, the orientation of the dipole axis

changes and the voltage measured by the electrodes changes correspondingly. The

00
sensitivity is of the order of 20 v/°. The accuracy of the system, limited

principally by spurious skin potentials, is said to be about 10.

2. Corneal Reflection. The cornea is a nearly spherical surface of radius

about 8 mm. The center of rotation of the eye is about 13 rmm. from the surface of

the cornea (Fig. 4.7). Thus rotation of the eye will cause an image reflected in

the cornea to move. However lateral motion of the eye - for example due to

lateral motion of the head - will also cause the image reflected in the cornea to

0
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move. In fact, a lateral displacement of only 0. 01 mm. is said to produce an

effect equal to a pure rotation of F minutes of arc. Thus even with the most rigid

clamping of the head, the system cannot be considered very accurate.

3. Contact Lens Reflection (Ref. 20). By fixing a plane mirror on a contact

lens and projecting a collimated beami of light on to it, image motion is obtained

only by rotati-n of the mirror - and hence the eye. Lateral motion of a plane

mirror does not deflect the image of a collimated bean,. This method is extreme-

ly sensitive, a displacement of one second of arc can be detected. Slippage of the

lens over the eye is said to occur during large motions of the eye.

4. Photoeloctric (Ref. 21). In this method an image of the edge of the iris

and part of the cornea is projected onto a slit behind which is a photocell. As the

eye moves, the relative amounts of the iniaoes of the cornea (light) and iris (dark)

falling on the photocell changes. Thus the output of the photocell is proportional

to eyeball rotation. The whole apparatus has to be clamped to the head. The

accuracy of the systen is said to be about 15 minutes of arc.

5. Retinal Observation (Ref. 22). ;1 11 other methods of oculorretry measure

eyeball rotation. This method directly measures the displacement of the retinal

image relative to the retina, which is usually the actual measurement that is

required. Although the miotion of the retinal image is largely determined by eye-

ball rotation, the possibility of other intra-ucular effects on the position of the

injage en the retina cannot be ignored if great accuracy is to be obtained.

In the retinal observation method an external image is formed of the blind

spot of the retina where the optic nerve enters the eye. Blood vessels stand out

clearly against the background and are used to activate a photoelectric device.

As the image of an external scene on the retina moves over the retina, the image

of the retina will move relative to the external scene. This motion is detected by

the photocell. The accuracy of the equipment described in reference 20 is stated

as being of the order of 10 seconds of arc, over a range of about 40 of eye motion.

4. 3. 2. 2 Applications of COculornetry

Human visual acuity is concentrated sharply around the axis of regard and

consequently the oculomotor apparatus of the eye - a precise servo control systen-

is a very important part of the visual sense; it is particularly important in the

0 perception of spatial relations.
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These facts suggest that,

1. spatial information derived by the visual sense can be extracted

from a human, or animal, by the technique of oculometry.

Z. a TV system may be constructed in which the grain size matches

the visual acuity of the eye over its whole angular range. The

result would be a practical system of HI-FI TV.

These general possibilities and others are developed in the succeeding parts

of this section.

The systems described for the various applications involve interconnections

of an oculometer (ARD -axis of regard detector); a device to control the orienta-

tion of the optical axis (VOA - variable optical axis); and a zoom lens (VM -variable

magnification).

Of these three devices only the ARD is discussed in detail in the later

sections as the other two involve no new principles.

The VOA unit will be required to operate over a field of about 900 corre-

sponding to the possible range of motion of the eye. It must be capable of follow-

ing the fastest motion of the eye to within 10 (assuming a 10 dynamic range of the

oculometer). Thus it must be able to attain a rate of rotation of 500°/sec. in
221/S500 sec. This corresponds to an angular acceleration of 250. 000°/ sec. 2or

about 4, 000 radians/sec. . Assuming that the VOA unit is siariply a rotatable

mirror of 1 oz. mass and a radius of gyration of 1/4 inch the torque needed to

attain this angular acceleration is,

I 1 1 1- - 4x10 3  ft. lbs.

I31 14
4 x 103  in ozs.

32.2 1T 42

, 10 3 0 , . 6i in ozs.

102

which is evidently quite feasible.

0
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4.3.2.2.1 Command Control Systems

Some weapon systems, and their guidance units, are automatic while in

others a human is "built in" as an integral part uf the system. For example, once

it is fired, the Sidewinder missile is automatic, whereas the SS-10 anti-tank

missile must be controlled by a human operator throughout its flight. It is

instructive to consider the reasons for including a human in any weapon system.

A human operator is used to control an anti-tank missile because a reliable

method of automatically identifying tanks, against the normal battlefield background

has not been found. Compared to a tank on a battlefield, an airplane in an empty

sky stands out "like a sore thumb", and it has proved relatively easy to develop

an automatic means of identifying a plane and thus mechanizing an automatic

missile guidance system.

Although it seems difficult for an automatic device to recognize a tank as

compared to a plane, a human does it relatively easily. The reason, of course,

is that the human brain performs the detection function by using its phenomenal

power of character and pattern recognition, and not by a simple "yes-no" quality,

as does an IR or microwave guidance system.

The magnitude of the character or pattern recognition power of the human

brain can be appreciated by attempting to formulate a computer system to simulate

even one aspect of it. For example, we are capable of recognizing, in a fraction

of a second, any one of possibly thousands of our friends and acquaintances should

they pass by in a busy city street. Presumably the brain must be constantly

attempting to correlate the observed visual patterns with the contents of the visual

memory. Such a capability is clearly well beyond the present state of computer

technology.

It is evident that the use of a human in the SS-10 weapon system is in fact

an example of the use of a bio-sensor - in this case the human sense of pattern

or form. However, in the SS-10, and other similar command control systems,

the human operator is required to do more than recognize the target. He must

observe the missile, see its position relative to the target, judge - on the basis of

past experience - how much to move the control stick, and finally actually to move

the stick. In more refined systems the operator is required only to manually trac
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the target. However, in either case, he is called upon to do more than is neces-

sary, i. e., it is absolutely necessary that he recognize the target - simply because

no other device exists that can do it - but it is not necessary to employ a human to

perforn, the uther functions particularly that of moving a control stick or any other

manual activity.

As will be shown, the technique of oculometry will allow the human operator

in a command control system either to confine his activity to locating the target

to be attacked, or alternately to locating the target and the missile. In neither

case will he be required to perform any manual control functions.

A typical line of sight command control system is shown in Figure 4-12. It

will be seen that three feedback loops are involved, the oculomotor loop, the main

nissile control loop, and the contrLl stick loop. The oculomotor loop controls

the urientation of the axis of regard; it is a precise control system that plays a

very important part in the total visual sense. Spatial inforn-ation comes into the

c,,nsciousncss, not so much from the optic nerve, but from the oculomotor muscles

and nerves. The oculomotor loop has been shown in Figure 4-12 containing a

section of the brain responsible for the very highly develuped vculumotur skill.

(As an indication of the degree of skill invclved, it may be noted that the eyes

can be moved at up to 500 0/sec., over a range of about 45L, with an accuracy of

better than 10 minutes of arc).

The spatial information entering the consciousness is the basis on which

control stick motion is derived. It is to be noted that the ;ene-ation and execution

of control stick commands by the con:sciousness is a skill that has to be learned.

In the first place, an optimum functional relationship exists between observed

missile deviatiur and control stick deflecti,,n, and in general, this is not a sinmple

time invariant scalar function, s, this has to be learneu froi experience.

Secondly, the movenent of a control stick it not an every uIay muscular activity -

as is imotion 0 f the eyeball - and this too has to be learned - just as a typist Ur

pianist had to learn a particular muscular skill.

The control loop responsible for the niotion of the control stick has only a

very poor position feedback path via the senses of touch an' pressure, etc. and

thus the operator has a poor cstiniate of how miuch he has actually moved the stick

at any time. He must, therefOre, inevitably generate noise as well as effective
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cuntrol signals. In the oculomotor loop, on the other hand, an extremely good

feedback path exists through the optic nerve. It is well known that the performance

of a position servo is directly related to the quality of the position feedback path.

Thus, in the command contrv1 s),stem shown in Figure 4-12, the oculomotor

loop that ;.enerates spatial inforniation to be sent to the consciousness, is an

efficient and essential part of the system. However, the generation from this

spatial inforn.ation of control stick commands, and the execution of these comn-

mands, is unsatisfactory in that:

1. A skill has to be learned.

2. The control stick loop is noisv, due partly to a pour feedback path.

3. Even when the control skill has been learned, a transfer function

of very limited bandwidth and response time is interposed between

the spatial information comino, from the oculomotor nmuscles and

the electrical output of the control stick.

The technique of oculometry will permit the extraction, from the operator,

S of the missile/target spatial information at the same tirme, and in the same fcrir

as it is supplied to the consciousness (Fi,,. 4-13). In this way, the undesirable

features of a conventional human operator command control systerr, can be avoided.

Trhere is a lizi itation involvedi in the extraction of spatial ir.forn~ation by

the technique of oculoructry. M ithin an angular width of abcut 10 minutes of arc

from the center of the fovea, the eye .,otion is random and attention can be fixed

on any point within this area without inuvin , the eyeball. Thu';, when the missile

and tar-et are within 10 minutes of arc uf each other, the spatial information is

derived essentially fron the optic nerve and not, as shown in Fii:ure 4-12, from

the oculonotor loop. This, of course, does not alter the fact that the human

operator is being used inefficiently in the set-up shown in Figure 4-12. The

limitations, discussed earlier, involved in the command and execution of control

stick motion still apply. However, the arrangement shoyn in Fi;.ure 4-13 will

not work at all when the inissile and tar fct are so close. V.'hen it is recalled that

visual acuity is only of the order of I rtin-ite of arc, it can be appreciated that the

breakdown of the system shown in Figure 4-13 occurs quite near to the threshold

of acuity.
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The solution to the difficulty lies in the use of a continuously variable

magnificatiun device - i.e. a zoom lens - shown as VM in Figure 4-14. The ARD

unit acts as a null sensor in a loop associated with the VCA unit at the eye, and

the two units together comprise a wide range oculomotor. The eye motions are

analyzed by a network, P.; if the short term variable saccadic motion is less than

say, 10o, the magnification is smoothly increased, if greater than 10 the magni-

fication is decreased. The mean value of the eye motion may also be sensed and

used to reorient the VGA unit. In thio way the detail of interest in the viewed

scene is kept centered in the field of view and its angular size is kept up to 100

by the action of the variable mag-nification unit (see Fig. 4-15). The missile!

target displacement vector is taken from the oculomotor systemxi and processed

thruu .h an optinum control network for transmission to the missile as guidance

inform~ation.

I', ith a 100 "sii-nal' and a "noise" uf 10 minutes (i. e. the magnitude of the

random, involuntary motion of the eye) the signal to noise ratio is (10:1.

An upper limit must, of course, be set to the magnificati n, since otherwise

it would tend to infinity when the nmissile was on the line of sight. For a missile

attacking .u tank, the required impact accuracy is about 2 ft. Taking 20 minutes

of arc as a conservative estimate of the oculomotor noise level, and specifying

that for high kill probability at a maximum range of two :iiles 1 ft. should corre-

spond to 20 minutes of arc, the maximuum magnification require(t is seen to be 60.

The operator' s view at iimpact, at 2 miles range, with a nalnification of 60, is

shuwn in Figure 4-16.

Since the optical system is self-ali -ning, it may be hand held or clamped

on a tripod. The system can be desig;neu to operate in the presence of vibration

that would normally be intolerable with a niagnification of 60. Given the arnplitude!

frequency spectrum of vibration, the performance of the servo elexients in the

arrangement shown in Figure 4-14 can, within limits, be specified to attenuate the

vibration to an acceptable level.

In the system described above, the operator is required tu perceive the

spatial relatiun between missile and target. In order to do this, he will be forced

to flick his eyes from one to the other, since the variable xi.agnification device
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will ensure that missile and target are separated widely enough to prevent spatial

perception by the retina. The missile/target displacement vector is obtained by

detecting, electronically, this saccadic motion.

In this system, the operator has not only to recognize the target, but also

the missile. rhe latter function can be done automatically, but it may be

advantageous to use the operator to recognize the missile in order to reduce

equipment complexity with little sacrifice of system performance.

In an alternative application of uculometry, the position of the missile may

be sensed automatically by IR radiation. The operator's task may then be re-

duced to the essential minimum of simply observing the target. In order to avoid

bore sighting problems, the IR and visual uptics should be arranged so that they

share a common optical axis. The principle of operation will be very similar to

the system shown in Figure 4-14. The orientation of the viewing; axis will be

controlled electronically so that the visual and IR images are symmetrically

placed in the center of the field. The magnification will be adjusted in the same

way as shown in Figure 4-14.

4. 3.2.2.2 Television

Although a domestic TV picture has quite good definition - i.e. when viewed

correctly, it does not reveal its "grain" structure - the total visual impression

gained by watching TV is entirely different fron, the impression gained by watching

the televised scene directly. The difference sterms mainly from the very small

angle of view that is possible with domliestic TV.

The domestic TV picture can be considered as a mosaic of 500 rows each

containing 500 dots or grain clements. Normal visual acuity is of the order of

1 minute of arc so that when viewed so as not to show its grain structure, a TV

picture cannot have an angular width of more than 8° . V, ith a screen size of

15" X 15" this corresponds to a viewing distance of 9' i.e. a norial viewing

distance.

The normal field of view of one eye is 1200 - 1500 anG with both eyes it in in

excess of 180L. Thus, in terms of solid angle, a TV picture ib ,nly 0. 2 u of the

size of the total visual field. In domestic TV the limitation inposed by the very

snall angular width can be overcome to sone extent by efficient studio production
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techniques, such as switching the transmission from one camera to another. This

is analogous to the way the oculornotor apparatus of the eye normally switches the

gaze from point to point in a visual scene. However, even under the best condi-

tions, the sensual impression gained by the viewer is a poor substitute for the

impressiun derived by being actually present at the televised scene. In many

non-entertainment applications of TV it is not practical to have a number of

cameras and a producer at the televised scene, so that the narrow field of view

is then a very great limitation froxj the point of view of the total visual impression

that can be gained.

This present application of oculometry is concerned with an entirely different

concept of TV. This is to create a TV system which would completely duplicate

the visual impression gained by an observer actually present at the sight of the

TV camera. The aim, in effect, will be to engineer a remote extension of the

visual sense organ by devising an efficient match between the eye and the TV

system.

As discussed earlier, our contact as human individuals with the external

environment is almost totally dependent un our sense of vision and, to lesser

extent, of sound. Thus, the existence of a HI-FI TV system of the type being

considered would, in effect, enable us to cxperience an environment, without

actually being present. It would be as if our optic and auditory nerves were

hundreds or thousands of miles long instead of only a few inches. What we cus-

tomarily call being "present" in an environment really means that our sense

organs, i.e. eyes, ears, etc., are present. W-hen electronic extensions of the

two most important sense organs are available it will not be necessary for our

bodies to be physically located at a place in order to experience the sensations

of being "present" at that place.

Numerous applications can be envisaged for HI-F1 TV:

1. Exploration of moon and planets.

There are many difficulties associated with manned space exploratory

missions. However, unmanned missions with either automatic Ur remotely con-

trolled equipment will, in general, be very much less useful. rhe advantages of

having a human astronaut on the planet being explored, rather than just inaniiate

equipment, are that a human can perfornm a very wide range of mechanical tasks -
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putting soil under a microscope, operating scientific instruments, etc. - and that

he is intelligent and adaptable. Automatic equipment - e.g. a soil analyzer - may

fail if the conditions on the planet are not like those expected by the designer of

the equiprient. However, a human astronaut, equipped with only a few simple

tools, would be able to react effectively to a wide range of unexpected situations.

If it were not for the transmission delay, caused by the finite velocity of

electromagnetic waves, HI-FI TV could obviously be usefully applied to earth

based planetary exploration. However, even to the moon, the delay involved in

the round trip communication link is 2 1/2 secs. and is certainly too great to allow

for the successful operation of a truly HI-FI TV systen. However, the HI-FI TV

system could be employed on manned missions to orbit the various planets.

Instead of landing the non-expendable astronauts, a HI-FI TV system could be

sent down. This would allow the orbiting astronauts to experience the same visual

sensation as actually being on the planet, without incurring the enormous weight

penalty of the return booster. This scheme would allow for lunar and planetary

exploration to be undertaken with boosters that will soon be available. the much

lar-,er boosters needed for a manned landing on the moon or planets will probably

not be available for a number of years. Conventional TV is being considered for

earth based unmanned robot exploration of the moon in the immediate future

(Ref. 4). The round trip communication delay of 2 1/2 sec. is a limitation that

has to be accepted. In the systein described in Reference 4, the TV camera has

a field of view of 450, the frarne repetition rate is 1 per second, the viuleo band-

width 200 kc, and the transmitter powcr 3. 16 watts. It is estim-ated from(1 these

figures that the grain size in this TV system is 6 minutes of arc. The oculomet-

rically cuntrulled TV system, described later in this section, would require a

bandwidth of only 3 kc fur 1 minute of arc grain size at the center of the field, and

a picture repetition rate of one fraine every 2 1/2 seconds. Thus, although it

cannot be considered in this application as a duplicate of the visual sense - because

of the 2 1/2 second communication (lelay - oculometric TV can nevertheless be

considered for its economy of bandwidth.

the use of HI-FI TV alone would permit a form of passive lunar or planetary

exploration. However, by incorporating such a TV system into an advanced form

of robot, an almost fully realistic forn of active manned exploration could be
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achieved. Such a robot would be equipped with analogs of the human senses (e.g.

vision) and motor output (e.g. limb notion). It would be controlled by a human

whose senses would be completely coupled, via coromunication channels, to those

of the robot - so that the human would receive virtually no sensory input from his

local environment. The motor activity of the human controller would be monitored

and transinitted to the robot, and this information used to command corresponding

motion of the robot. Thus the human controller would be in contact, nut with his

own envirunnient, but with that of the robot. It is emphasized that the fidelity of

the robot sensory detectors, man-machine coupling, etc. could be such as to

provide the robot controller with a second "body" which would be under the control

of the controller' s consciousness in al-ost the same way as is his normal body.

The robot would thus appear to have human or near human dexterity and skill -

together with the intelligence and initiative of the human consciousness controlling

it. The effect of the round trip communication delay of 2 - 1/2 seconds could be

mitigated by including certain closed loop control circuits in the robot - e.g. for

pcstural stability.

The robot coula be used for lunar and planetary exploration. In this way

many of the auvantages of manned space missions could be cuunbined with the

advantages of unmanned missions. In particular the problen,s of biological con-

tanination, either of the earth or the explored planet, are avoided.

2. Meteorological and strategic surveillance from earth satellites by means of

a I'V monitor on the earth. The following advantages are postulated.

a. Many people, military, executive, and scientific, while on the

earth could experience a visual sensation equal to, :rr better than,

that experienced by orbiting astronauts.

b. No life support problem.

c. The need to ferry supplies and personnel to and from orbiting

space stations would be largely eliminated. Maintenance could

be carried out, in most cases, by remote control.

d. The Van Allen radiation belts would impose less restrictions on

the satellite orbit.

e. The acknowledged search capability of the human eye could be

employed in a missile launching detection syste;. (;bservers

could be changed frequently -as is the practice for radar observers.
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f. In conjunction with an advanced robot system - the satellite

(and other vehicle borne robots) could be maintained and

repaired.

3. Navigational aid for aircraft pilots. ','ith an IR sensitive cannier, bad

weather visibility could be iinproved.

4. Battlefield surveillance for army commanders, artillery support, etc.

'. ith separated cameras, binocular vision could be provided with a greatly en-

hanced sense of depth. Aligniient proble is normally associated with such

binocular devices would be eli-iinated.

5. Miscellaneous weapon systems in which a robot viewer could be considered

more expendable than military personnel.

6. Guidance techniques involving missile borne TV would become more

attractive with the very much lower bandwidth needed with oculometrically con-

trolled TV.

7. When satellite communication systems become operational, the availability

and cost of long distance wideband communication circuits may be such as to

peritiit the use of HI-Fl TV for such purposes as business conferences; instead

of all the participants travelling to a common location, they could use a HI-FI

TV network to derive an equivalent sensual impression.

The general form of a HI-FI TV system is shown, in Figure 4-17a, as an

interconnection of an ARD and two VOA units, a conventional TV system and a

communications link. A flow graph of the -ingle between the axis of regard and

the central axis is shown in Figure 4-17b. The eye is shown with its axis of

regard displaced by an angle 0 from the central axis, and the VOA units deflecting

the optical axis by an angle , where 4 "- - U. At the TV link, the axis of

regard is at angle :, = U + 4, to the central axis, where -, zcru.

The TV monitor projects into th, eye via a VOA. unit. T'his latter is driven

by a signal from the ._R) unit to a deflection designed to bring the axis of regard

ontu the central TV axis, no matter in what airection the eye is actually looking.

Thus let tP be the deflection of the VuA unit so that the axis of regard is at to

the central axis throughout the TV link. 4 will be measured by the ARD unit:

let 4, be controlled according to the law:

0 (a pz + bp) -c
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(i.e. the torque applied to rotate the V0A axis v&ill be proportional to and a

ra.te signal 4.)

(a 1)2 + b p + c) c

ie. 6 as t

i. e. C 0 a:. t Ljr~

At the remiote end, the TV camera i.3 pointeu to the scene bLoing. viewed via another

VCLA unit which is slaved to the VG;A anit in the receiver teriiinal. Trhus, during

transmission through the TV link the axis of rc,-ard is ke,)t to an angle *) fromn

the central axis, where -po but at the tra~nsioit terii inal it iL; restored to 0,

the value at the eye.

1ia ,ricr to make econorrical use of bandwidth, the resolAutin o.f the TV

picture i:;ii.t be mlade a function -if the angular displacez~ent froxi the central axis.

This couldl be done either electronically Lor uptically.

It is possible to discuss the feasibility of the HI-Fl TV Systen, in terms of
the following general aspects of the syster;.

1. The bandwidth required in the TV conn-unicationb link.

2. The static accuracy and linearity if the VujA and A"Ri) units.

3. The dynarnic response characteristics of the V0A and(. AR!) uniti.

4. Mechanical and optical dotails such as the coupling tof the eye to

a wide aiwle optical ±ysteiij.

The bandwidth requircnient-A of the link can be curi~uted I ron. the number of

grain elen-ents and the picture repetiti-r rate. If ai -rain structure equal to a

normnal TV picture viewed so that the lineq are juist resolvale is tu be obtained,

then 10, 000 5,rain elemnents are requireG. Tihere is a possibility t., :t a picture

sequencing repetition rate as low as 10 pcr second- could, be enipliyeJ by synchro)-

nizing the picture sequencing with the occurrence of saccadic ii...tbn if the eye.

This systemx would require a bandwidth if 70 kc. A system exx~u'ngt;., timjes as

many grain elements - which would correspond t- the pupil diffractiun lill.it on

visual acuity - and a picture repetition rate of 30 per sec. would require a band-

width of 2 rmc. Thus, it is clear that bandwidth requirements - o:ven for a very

quality system) - are modest.
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The two VOA units must have a static accuracy, or linearity, sufficiently

nood to allow them to follow each other to within abouit IL. . larger error than

this would result in noticeable distortion in the visual fieli, as the eye moved

front place to place.

The ARD and VOA units must have a dynamic response characteristic

adequate to insure:

1. that the ARD unit is not forced out of its operating ran-e.

2. that 1/10 second or more after a saccade has occurred, the axis

of regard does not deviate more than about 10 minutes of arc from

the central, high definition, axis of the TV system.

Assuming that the fastest motion of the eye is 500 0/sec., the maximum deviation

, that will occur is

500 c,y -= (I - a)+b~
pZ + Z b p + c

I is the natural frequency of the second order systen-(a pZ + b p + c'and iff n

this is properly damped, it can be shown that the maxilurn value of p is of the

order of 500/L n If this is to be 1 ) , then I/ , the response time of the system,

must he about 1/500 sec. When the ramp motion 500/p z stops, the ii axinurn

value of , will be about 1° . Vith a response time of 1/500 sec. this value of <

will fall to 10 minutes of arc in considerably less time than the 1/10 sec. specified.

It has been shown that a HI-FI TV system would require a relatively low

bandwidth transmission circuit, somewhere between 70 kc and 2 uic. The ARD

and VGDA units should have a response time of the order of 1/500 sec., and the

ARD unit a dynamic range of + Is. The linearity of the V(,.A units ,3houl.l 'e

adequate to ensure that they follow each other to within 1'.

It is concluded that the HI-FI TV system is feasible: levelopment work

would be required particularly on

a. the variable resolution scanning syster

b. the coupling of the eye to A wide angle optical system

c. the possibility of synchronizing the picture sequencing to the saccadic

ruiotion of the eye, in urter to reduce the picture repetition rate, and

thus the required bandwidth.
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4. 3. 2. 2. 3 Search Light Illumination

In this application, the axis of an illuminating light beam is kept parallel to

the axis of regard of the person using the illumination to view a dark scene. In

this way the available light energy can always be kept concentrated so that most of

it falls on that part of the scene where it is most needed and is most effective -

i.e. at the point which forms an image directly over the fovea of the observer.

It has been seen that foveal acuity is more or less governed by the number

of light quanta available. However, under normal illumination peripheral acuity

is much poorer than the quantum limit. No quantitative inforniation has been

found concerning the relationship between peripheral acuity and illumination.

Peripheral vision is, in the dark adapted eye, very sensitive. The acuity does

not seem - objectively speaking - to be very much less than in normal daylight.

Thus it appears possible that a considerable reduction could be achieved in the

power needed to (volume) illuminate a given scene by arranging for that part of

the scene observed by foveal vision to be illuminated more strongly than that

0 observed by peripheral vision. In other words the quantunm flux available would

be matched to the resolving power of the eye over the whole field of view. There

are many factors that could limit the extent to which it woulh. be practicable to

shape the bean intensity - e.g. finite response time of the search light axis servo,

relationship between foveal light iotensity and peripheral dark adaptation, internal

light reflection in the eye, etc. On the basis of the acuity curve given in Fi-ure 6

it appears that, theoretically, a very considerable power reductiun could be

achieved. Along the axis of regard, the resolution to one minute of arc, (under

norrmal illumination). As has been seen, this one minute of arc in the scene

contributes a quantum flux of the order of 1 quantum per sunanatiun time at the

eye. Under the same illumination, the resolution 100 off the axis of regard is 100

times less. Thus the area of resolvable detail is 104 times greater and will
4

contribute a flux of the order of 10 quanta per second at the eye. The quantum

inefficiency (at-nornial illumination) of peripheral vision is now apparent. What is

suggested here is that the intensity of illumination of these peripheral areas be

reduced, so that - with dark adaptation - the quantum efficiency may be improved

to that of the fovea. A calculation, similar to that given in Section 4.1. 3 on the

information content of the retinal image, shows that a theoretical mnaximum power

saving of the order of 104 times would be possible.
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4. 3. 2. 2.4 Stabilizatin f Optical Instruments

It is well known that it is difficult to use hand held binoculars that have a

iia-nificati ,n much greater than about 10 tines. The natural tren,ur in the hand

is sufficient to cause the image to nove Lio rapidly that the eye cannot follow it.

This difficulty could be partly overcun.e by arranging, for the fine pointing of the

optical axis to be servo controlled by a built in oculorneter. This arrangement

would not only filter out the hand tremor, but also assist the ere ball in keeping

up with any residual tremor in the ii'iage.

4. 7. 2. 2. 5 Miscellaneous Applications

1. It has been shown (Ref. 3) that when the effect of tho nori,,al ii voluntary

eye ,iotion is doubled, acuity is iniproved and steady fixatiul becolles

effurtless. In effect, the ,sain of the norinal feedback 1.,op controlling

fixati,n is increased. By the u-e of an ARD) and Vt-A unit e-ther pains

and phase shifts could be introducecd.

An uptical viewin:; device incorpurating this principle 8ij'.t be of value

it. .anual-optical search and tracking tasks.

2.. V ith a suitable arrangenient of VxA and ARD units the axis ,f ref'ard of

orc .bserver could be slaved, to within about 10 vmiwitcs of arc, t.- that

of another. The passive observer woula be able, in fact coiixpelled, tu

see what the active observer was 1h,,oking at. It would be ill possible fur

him to alluw his gaze to wander. Applicationj can be fLrescen in

educa.tiun, indoctrination, and crux e detection.

3. Physiological and p3ychulkical rebearch.

4. ith the development of 6uitable oculon ctric Ievice-, te visu"l

apparatus of auiitials could be contr,,led. The visual scnc i., the

principal available contact with te Lr.,in, sO tat ,culinetry c,.ild

proviue the basis for mere efficient linking of anin.al brains to

machines.
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5. Chemoreceptors

"The history of chemoreception is studded with man's attempts to explain

and rationalize the mechanism involved in the activation of these sense organs.

Yet today this is still one huge question mark. True, the work relating physical

and chemical properties of compounds to their stimulating effectiveness may soon

demonstrate those properties of the stimulus essential for activation of chemo-

receptors, but the question of mechanism of activation will still remain un-

answered. This answer must be sought through investigation of cellular changes

in the sensory end organ itself, a difficult but challenging problem. (iRef. 1)"

The earliest animals arose from the sea and since they were sensitive to

dissolved substances, changes in the concentration of these or other substance s

would produce a response that was always an avoiding action. This primitive

common chemical sense differs from the higher developed senses of taste and

smzll in so far as it is stimulated by "foreign" injurious materials (ammonia,

chlorine) and by naturally occurring substances (acids, alkalis, salts) only if their

concentration departs widely from the normal value. Delicate receptor organs

were developed for the senses of taste and smell. The sense of taste is much less

delicate than the sense of smell (Ref. 2).

All the possible tastes are differentiated into four fundamental components:

salt, acid, sweet and bitter. The mechanisms of taste stimulation of each will be

discussed after a brief consideration of stimuli detection and the electrophysio-

lo,,y of response transmission. This is followed by a summary of the more widely

held correlations of physical and chemical properties with taste. This section on

the taste chemoreception concludes with a general discussion of sensitivity and

some specific analogies to the other chemoreceptors.

The sense of odor is divided into the same main categories as the sense of

taste. The brief introduction is followed by electrophysioloical considerations

of stimulus and response. The generally held physical and chemical correlations

and theories of the mechanistic processes involved in odor stimulation are pre-

sented aext. Because one of the most interestint facets of biosensors is their

high sensitivity, the section on odor is concluded with a discussion of some recent

work done on the absolute sensitivity of the sense of smell. One is amazed to
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discover that the sense cells of the eye respond to one quantum of light with a

macroscopic reaction and that the sensitivity of the ear and other organs of the

labyrinth comes close to that of Brownian motion. Equally amazin- are the

experimental results which indicate that the olfactory cells respond to close to

one odorous molecule. Because such low concentrations (only a few molecules)

of stimulants appear to be adequate to evoke biolocgical responses, it is presently

thou',ht that the stimulus only triggers the metabolic energy available in the cell

(Ref. 3).

5.1 Taste

The receptor organs for taste are the taste buds. Gustatory papillae (the

fungiform, foliate and circumvallate) which cover the surface of the tongue con-

tain one or more taste buds, complete with several spindle shaped receptor cells,

each with a hair like end projecting through the pore of the bud into the mouth

cavity.

5.1.1 Detection of Stimuli and Transmission of Responses

In man, the sensation of taste is aroused when solutions of appropriate

composition are in the mouth. The taste buds are the receptor or ,ans for tas'e

(Ref. 2). Just what happens after the contact has been made by the stimulatint

substance and the taste bud is not known. The penetration of the stirnulatin',

substances into the sense cells or their adsorption on the cell membranes are

important events in stimulation which lead to the initiation of the nerve impulses

(Ref. 1).
The taste receptor cell is only a generator of nerve impilses. Present at

the periphery of the gustatory afferent system are: (1) a transducer, converting

chemical changes to neural excitations (this is the taste cell) and (2) one or more

centripetally conducting sensory fibers excited by action of the transducer (these

are the gustatory afferents) (Ref. 4).

By employing electronic equipment it is possible to amplify and record

nerve impulses in nerve fibers at points between the receptor cells and the brain.

Most of these studies have been restricted to animals. Nerve fibers are very poor

electrical conductors but they can transmit small current at the rate of 1-100 m.

sec-l possible because the energy necessary for propagation is released pointwise
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as the impulse proceeds. Nerve cells can be compared to batteries with a

potential difference across the cell membrane. One theory is that the stimulus

causes a depolarization of the nerve fiber ending and that a wave depolarization

changes move along the nerve fiber. After 0. 5 to 2 millisec. , each nerve section

recharges and is ready to transmit another impulse. Impulses are recorded on

an oscillograph. Electrical activ-ty is observed when the receptor cell is resting

but stimulation of the receptor site produces a change in frequency and amplitude

of the nerve impulses. The potential difference across the semi-permeable cell

membrane is due to different ion concentrations on either side. The extraceUular

fluid is higher in sodium ion concentration whereas the intracellular fluid is

higher in potassium ions. Depolarization of the cell occurrs when sodium ions

are suddenly allowed to pass through the cell wall (Ref. 5).

5. 1. 2 Mechanisms of Taste

Electrophysiological methods have shown that most mammals possess

receptors which respond to salt, acid, sugar and quinine solutions (Rkef. 2). Some

*chemical relationship is expected between substances responsible for each of the

four component tastes and the corresponding receptor organs (Ref, 2).

To be tasted a substance must normally be soluble in H 2 0 so that the taste

stimulus could be a solid, liquid or gas provided that it dissolves somewhat upon

contact with saliva. Some of the variables that determine the efficacy of taste

stimuli are solubility, concentration, ionization ability, temperature, basic

chemical composition and structure (Ref. 4). The mechanisms of sour, salt,

sweet and bitter sensations will now be discussed.

Sour

The stimulus for the sour taste is an acid. Acids ionize in aqueous solution

into an anion and cation of which the latter is the hydrogen or hydronium ion. The

degree of sourness is related in a rough way to the degree of dissociation so that

the sourness of solutions increases with the acidity of the solution which is in-

versely proportional to the pH of the solution. It has been shown that the taste of

mineral or inorganic acids is not due to the anions but to the cations (Ref. 6).

For example, acids such as HGI and H 2 So 4 cannot be distinguished by taste.

0
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Organic acids and their anions have distinct tastes and may be more sour than

expected from the pH of their solutions. Some acids are both sour and bitter

such as picric acid, and some are sour and sweet as citric acid.

The addition of salts of weak acids depresses the ionization of the acids

themselves so that in order to keep the same pH as would be present with the

pure acid more acid would have to be added and this solution, now containing

more acid and salt, tasted more sour than pure acid at same pH (Ref. 6). These

experimental results indicate the influence of either the increased anion concen-

tration or an ionic strength effect. In view of the results discussed later, the

latter effect is the probable cause.

In order to arrive at a single, simple correlate for the sour taste it is

necessary to eliminate the interaction between the sour stimuli and saliva, the

latter serving as a buffer solution in the ensuing stimulation of the gustatory

receptors. When the effect of saliva is minimized the results of threshold values

for all acids of equal chemical combining capacity are uniform. The buffering

action of saliva contributes to the discrepancies observed in acid detection tests

but the minimization of the effect does not result in equal afferent nerve dis-

charges at equal pH, equal normality or molarity.

There is some basic physiological mechanism which complicates the rela-

tion between sourness and acidity. The following are some of the suggestions

that have been proposed:

1. Hydrogen ions might react with some substance on the receptor

surface so that, as these ions in a solution of the organic acid

were taken up, further dissociation would replace them;

2. Both the potential as well as the actual hydrogen ion concen-

tration may be determiners of sourness.

A relationship has been noted between the sourness and swelling of gelatin

in different acids. Sourness has also been attributed to the rate at which the acid

penetrates the cell or intracellular spaces or to adsorption on the cell surface

( ef, 7).
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Salt

The stimuli for the salty taste are soluble salts which dissolve in water to

yield a cation and an anion both of which contribute to taste quality and stimulat-

ing efficiency. The typical salty taste is that of table salt (sodium chloride).

However, not all salts give the salty taste. For example (Ref. 5):

SALTY

LiCl LiBr Lil NaNO 3

NaC 1 NaBr Nal KNO 3

NH4 C1 NH4 Br Na 2 SO4

KC1

RbGl

SALTY AND BITTER

KBr NH 4 I

* BITTER

CsG1 RbBr KI MgSO 4

CsBr RbI

OsI

SWEET

Pb(OAc),

Be(OAc) 2

There is a trend from salty to bitter taste with increasing molecular weight

and also a trend in effectiveness of taste stimulation with ionic mobilities (Ref. 5).

O.ic conclusion drawn was that the taste of a salt depends on the cation

which determines the intensity and upon the anion which gives the character (Ref.

6). In a series of sodium salts, the quality of taste elicited will vary with the

anion. The following anion series was obtained when the degree of saltiness of
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various sodium salts was compared: SO 4 >C1 >Br >I >HCO 3 >NO3 . The follow-

ing cation series is obtained if various chloride salts are compared:

NH 4 >K >Ca >Na >Li >Nig.

The thresholds for different salts have been variously reported to be

equimolar for the cation, for halogen salts, inversely related to the molecular

weight, and directly related to cation mobility (Ref. 7).

Certain trends and regularities were noted by employing the following taste

equation in attempts to objectively specify the complexity of taste:

N = xA + yB + zC + vD where x, y, z and v are molar concentrations and A

stands for sodium chloride; B, quinine sulfate; C, fructose; D, potassium tartrate;

and N is the molar concentration of the salt being matched (Ref. 7).

Thus, it appears that the saltiness of a particular compound can be ex-

pressed as a linear sum with the variable coefficient of the saltiness of these four

particular compounds. The usefulness of this empirical correlation is questionable.

A theory of the mechanism of taste stimulation has been proposed (Ref. 8).

Assuming a monomolecular reaction between the taste stimulus and some part of

the taste cell, then:

A + B Z AB (I)

C N-Z Z

where A is the stimulus; B, unfilled receptor sites; AB, filled receptor sites; C,

concentration of stimulus; N, total number of available sites; Z, the number of

sites filled at concentration of stimulus C.

Then the equilibrium constant may be written as:

K = (Z) (2)

Assuming that the magnitude of response is proportional to the number of

sites filled, and that the maximum response occurs at a high concentration of

stimulus when all the sites are filled, then:

R = aZ and Rs = aN

R is the magnitude of response and Rs the magnitude of maximum response.

Substituting the information into Equation (2), one arrives at the fundamental

taste equation (Ref. 8).
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C .CG +  1- (3)

A plot of C/R against C (experimental data) yields a straight line which shows

agreement of the data with the theory. This does not mean that the assumed mode

model is a correct one, but the equilibrium constant can be found from the graph

and this gives a measure of the binding force of the stimulus with the receptor.

Equation (3) is similar to Langmuir's adsorption isotherm, to many enzyme-

substrate equations and to the equation expressing the binding of ions by proteins.

The small equilibrium constants found for various sodium salts are in agreement

with the concept that the stimulus is adsorbed to the cell surface and that the

reaction is not an enzymatic one. The equilibrium constants are of similar

magnitudes to those in the adsorption of salts to proteins.

CALCULATED EQUILIBRIUM CONSTANTS (REF. 8)

Sodium Salts Equilibrium Constant K liter/mole

(Ref. 9)

sodium chloride 9. 8

sodium formate 9. 0

sodium acetate 8.55

sodium propionate 7.58

sodium butyrate 7. 72

When the temperature is raised from 20 to 300C the magnitude of the taste

receptor response to salts does not change, therefore, AH = 0, indicating

that this spontaneous process is physical and not enzymatic. Thus, TAS >AH

in the equation:

AF = AH - TAS (4)

From the equilibrium constant, AF can be calculated

AF = -RT In K (5)

so that the change in free energy, A F, is negative and thus the change in entropy,
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6B, is positive. This indicates that the water of hydration of the ion (for

example, the water of hydration nor,,ally surroundin- the sodium ion) decreases

when the ion is adsorbed to the rece Aor surface or else that the receptor mole-

cule chanaes its spatial configuration slif:htly when the ions are adsorbed to it.

or both events coald take place simultaneously. This is -imilar to the small

positive chanmes in entropy when ion- are bound to prot,ins (Ref, :.

The binding may also be studied by chanin-, the pH of the solution. The

magnitude of the response to C. 1 M NaCI does not chan.,e appreciably when the

pH is varied from 3 to 11 imply-ing that most carboxyl uuit' of proteins are not

involved in stimulation, however, other groups such as phosphate groups may be

involved, but the reasoning is not completely evident. According to the present

theory of taste, the receptor molecule may be regarded as a polyelectrolyte con-

taining a large number of charged side chains that make up the sites (Ref. 8).

(The carboxyl units should be H-bonded to the amino H of the neighboring protein

chain. )

Beidler (Ref. 9) suggested a possible mechanism of receptor stimulation to

explain how the adsorption of a chemical stimulus on the surface of a receptor can

cause an increase in the electrical activity of the nerve innervating that receptor.

The taste bud cells like most receptors are negatively charged relative to their

exterior environment caused by different concentrations of ions in the cells and

outside the cells. When an electrolytic or non-electrolytic st.mulus is adsorbed

on the receptor site of the taste cell then a slight change in spatial configuration

of the receptor molecule may occur so that a hole is formed that is large enough

for certain ions (most likely potassium) to escape from the inside to the outside

of the cell thus decreasing the potential across the receptor membrane. A spread

of local depolarization over the cell surface may by chemical or electrical means

stimulate the innervating nerve so that the frequency of nerve impulses generated

is proportional to the magnitude of receptor depolarization.

Some substances such as sodium chloride and sugar taste salty and sweet

over large ranges of concentrations, whereas a large number of substances

possess mixed tastes. Ammonium chloride tastes salty at low concentrations,

both bitter and salty at medium concentrations, and bitter at high concentrations.

Different receptor sites with different equilibrium constants are predicted to be

involved in these responses. The sites involved at low concentrations usually
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have a higher equilibrium constant for the stimulus-site reaction and a lower

level of saturated response, Rs, than do the sites activated at higher stimulus

concentrations. The relative number of either type of site may vary from one

receptor to another. Since, ammonium chloride is bitter at high concentration,

it is expected that a greater number of sites with low K values are found in those

receptors that also have an abundance of sites reactive to alkaloids and other

bitter substances (Ref. 9),

The present theory of taste, i. e. , considering the receptor molecule as a

polyelectrolyte containing charged side chains that make up the receptor sites,

was developed for the interaction of salts with a receptor, but it has also been

used to describe acid, sugar and bitter stimulation. Even thou gh the type of

binding of sugars is different from salts, a monomolecular reaction of adsorption

is held. Acids stimulate by means of their hydrogen ions although the surface

adsorption depends on the amount of un-ionized acid in the solution and the ionic

strength. A strong acid is a more efficient stimulant than a weak acid of equi-

molar concentration. At the same pH value, the weak. acid is a more effective

stimulant. By making a buffer solution of a weak acid the sourness does not

decrease to the extent that would be expected from the change in pH. This is

accounted for by the increase in ionic strength which tends to increase the amount

of acid adsorbed at a given pH (Ref. 8).

Sweet

It is mainly organic compounds except for some salts of lead and beryllium

that give rise to the sweet taste. Polyhydroxy and polyhalogenated aliphatics are

usually sweet, e. .o , glycerol, sugars, and chloroform. Other sticnuli are

aldehydes, ketones, amides, esters, amino acids, and sulfonic acids. Many

attempts have been made to relate chemical structure and taste. Several limited

correlations have been made but no widely applicable theory has evolved. Oertly

and Myers listed a number of sweet-producing molecular arrangements and

postulated that to be sweet, a substance must contain a glucophore and an

'auxogluc'. Saccharin is an important exception in this classification (Refs. 5

and 7).

0
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In an homologous series, the taste of the members often changes from

sweet to bitter with an increase in molecular weight. Taste often disappears

with the higher members of the series because they become water insoluble

(Ref. 7).

Small changes in the structural arrangement of homologues produces strik-

ing changes in taste. Considering the homologues of m-nitro aniline which is

sweet, only 2 -nitro-p-toluidine is sweet.

%-H

.... A- -. - t* Y Si IH1- Tk6

It has been concluded by some investigators that after studying the relation

of taste and structure that it was impossible to derive any law for aromatic com -

pounds and that sweet taste depends not on any single factor, such as a certain

taste-producing group, but on the entire chemical complex of the particular

compound studied (Ref. 10).

One of the better-known sweetening agents is saccharin. In 1914, Cohn

surmarized some information about saccharin and its related compounds and

concluded that sweet taste is lost if the sulfimide ring is opened, or if the imide

hydrogen is replaced; and that sub3titution in the benzene nucleus reduces the

sweet, and introduces a bitter taste (Ref. 10).

In 1961 Hamor reported correlations of taste with chemical structure of

approximately 80 derivatives of saccharin (Ref. 10).

) -.. . -' /. . -
y., % . \ '

Some generalizations that may be drawn from the results are ,iven below.

Replacement of the imide hydrogen with another chemical group gave, in

almost every instance, a tasteless compound. Both !: eet and bitter compounds

were converted to tasteless substances by this substitution in the 2-position.
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T%,ere w ,ere three exceuitioas .. here the bitter taste that re :,,lted Lnay ibe due to

tht; basicity of the relatively hi, _h molecular-weight tertiary am- roup. These

results appear to lend evide.ice to the belief that sweet taste is attributed to the

Anion. It is possible that the sense of taste resembles other types of physioloui-

cal responses and is subject to the "L k ad key'' concep~t of biolu,_'ical activity.

Then, substitution on the imide niitro eri nay Affect the specific -iolecular sliape

whichi rniust fit the receptor site so that the 2-substituted coz'-pounds are not

cotc~plemntdry to the taste receptors, and display no taste- Yet somne wor. ers

haive reported 2-substituted sacchariiis which do not iouize or hydrolyze but have

a sweat taste (Ref. 10).

Another possible explan- 'on for the lack of taste of the 2-substituted

saccharicis mnay 1e that isornerization. of the lactain form to the lactim) formi is

necessary for sweet (and bitter) taste.

If groups are substitlited in the 2-posit ion, then the rL' i. -10 __O SSibility Of

forming tho lactiin forn-. If an alkyl -roup is substituted flir the irlide hydro, en

in o-'aenzenedisulfoniimride, the taste changes from sweet to tasteless wxhich is

analogous to the results of 2-substitition in saccharin,

If electron withdrawin ; --,roups such as the nitrkc _,r_,u7. are substituted in

the benzenie rint-, then bitter subistances result If the nitro group is reduced to

the electrondonatin,, amino 4roup then sweet compounds result.

In addition to the inductive effect, resonance may contribuate to taste. The

4- and 6- nitro saccharins which are ortho and para, resuectively, to the carbonyl

u roup, contrioute to the sweet taste whereas the 5- and 7- nitro sacchariuls, meta

to the carbonyl v'roup, _.,vc only a bitter taste. Perhaps, the resonance contribu-

tions of these igroups to the relative acidity of the molecule, or to the relative

ease of fortnatioa of the lactini forni, is responsiblo~ for the differelices in taste

of the saccharin derivatives,
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Sub -,tit .tion-- i. the 3---os ition produces tasteless compounds as does sub-

;ti,- tion i~i the .- uiin If the heterocyclic ring- is opened, tasteless compounds

art; )iodlced (Aef. 10).

Stereoisorneris~n is si-,!iific-irit in taste as well as other physiological

systen-i. The dextro formY of asf;ari-:ine is sweet, the levo form tasteless.

ScoILtons of a-D-glucose are sweeter than 13 -D-glucose which predominates in

iolution after iiitarotation has occurred.

The det'ree of sweetness of various sugars was measured and no relation

was obscrvc-d betweeni the numnber of C atoms, OH -groups, or the molecular

-trraageniciit or spatial conficguiratioi. of the compounds (,Ref.

Bit tecr

Bitter, liesw vet, is a taste 3e-isation that is elicited by members of many

cl~i -nicaI classes and is found associatcd with sweet and other taste qualities.

lilcrecisiang the m-olecular wei-'ht of iiioroanic salts is associated with increasinl"

.#I ress. An increase in the len,,th of the C-chain in org anic molecules sorne-

tiies produces a chan.,,e from sxvzet to !bitter. Many sweet substances such as
sac( harmz have .3. hitter after tastc. This ihzultiple taste quality is nrLiceable whien

th'e Stiinlt.us moves frorr., the front of the tong4ue to the back where bitter seaisitiv-

itv is the reatest (!Ref. 7).

Thle comnplex nitrogenlOU9 conpudthe alkaloids, arc the best :m--wn

class of ;Jitter con-,ounds, i. e. , quiine, caffeine, strychnine, aad nicotine.

M os t nitro- compounds are !jitter ()picr.c acid). The followin-, ,,i~oups are most

oftea associated with bitter taste: (NO ) > - , S N, :'-N = ,-SH, -S-, -S-S-, and

-CS - (Rtef. 7).

The iniportance of structure and chemical groupingy is demnonstrated byv the

phenomenon of "taste bliadness" which is an insensitivity to substances having the
S H 0

> N - group whereas -N-C - is the familiar "peptide linkage. " Pheiiyltlliocar-

Jitylide (PTC) is used as a test for "taste blindniess". This ia;-'ilitv to taste PTC

is -,enetic and inherited as a Mendeli in rezessive characteristic. These taste

defects were found in anthropoid apcs a., well as man
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Thic Lia;'un11ty to taste > NC - may be overriddei by other chemnical groups

as in~ thiourea, NH, CS NH. which i5 sour to all persons. Taste blindness is

not correlated with sensitivity for other bitter stin-uli or other taste qualities,

wvhich suggest a i~f,,h degree of spec ificity for a pric. a ceIca lina

coninected with some feature of the recei tor mrechianism. Attempts to linkc taste

blindness with insolubility of PTC in saliva were u-nsatisfactory. Because hitter

and sweet sensitivity are often associated with sii:.ilar type stim~uli, and both" are

inactivated by drugs or narcotic a ;ents, the proposal has been mnade that both

depend upoa the action of a siinl-e receptor mnechanisn) (Ref. 7),

Of all the taste rnechanisrrs, that underlying the bitter sensation is least

well kn own.

5. 1. 3 Physical Proierty Correlations of Taste

Certain physi:c,-l properties of sti,;ulatin- comnpounds have been studied to

determine their e:fft-ct on taste. For exall)Tle, the surface tension of solutions of

substailces co'dld affect taste by their ability to penetrate the taste bud or alter

0the -.:eriea*)ility of taste :)i.d cells. Since all the cornptnds that effect a sweet

taste have ciieLn-ical g1roups that may hydro,,en bond with water, it is likely that

the de-ree of association with water :~~tbe a factor (.Ref. )

Si-nct. c.zyr~ea take part in all iolo'-ical processes it is possible that they

imi lit b e involved in tlhe excitation cta-2ce jf taste stimulation. If this is a redo%

enzyme systeim,, then the ea.se of oxidation or reduction of a com pound will bear

on. its t,-.Ste ablitv.. In attenipting_ to define generalizations between taste and the

~-;y icL )ro4'erties of stimuiaats, oaly limited correlations result. For exam pie,

the relative sweetaess of the four moaosaccharides fructose, Juco se, galactose

anld iti tanose decrease ia that ordcr with their half -wave reduction potenitials.

Wiitc ;l~ore cornnouiids and other physical prop)erties listed above are included

the relatioush'ii; fails- (:(ef. 5).

Other theori, o hiave attempted to e xplain taste from-- the standoint of cell

physiolo.;'.'. T'he cel: ! mLi. hs 'been re.i ar(1ed as a wvater balanced emulsion

svstem!n of wnter-in-f-il aad oil-iai-water ty'ecs and that taste res~iited from the

adsorptioa and s~irface tension action of suU.-;tanccuz iti this systeni and that the
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s-ubsequent changes in cell membrane permeability w~ere due to chatiies in the

phase ratio of the emnulsion types. Then it was -pro posted that the solubility anid

permeability in cellular solvents of cormpounds were controlled by their structure

which deterinined their thermodynamic activity and there!3y their tastes. The

theri-odynainic activity was taken as the ratio of their active concentration to

their solubility. These approaches have not been successful.

The process of adsorption has received quantitative support as being

involved in the critical step of taste stimiulation. For examiple, the sweetness

and conce!tration of sugars are related by the following equation

S =KC (

-hero S :q sweetness; G is concentration, K and rn are constants. T-is is the

Frcundlich equation used to express adsorption from solution on solid surfaces.

It was found in studies mnade on the taste nerve fiber of thle rat that a' the concen-

tration of a 3alt stimulus increases, the response rises as yniptotic ally to a

maxin urilevel,

It hiis 13een found that geometric and optical isomers have different tastes.

Anti and !j isoimers of oxirnes have different tastes. D-a amino acids are

usually sweet wvhereas the natural L isomers are flat to bitter. For example:

Isoleucine: d (-) sweet 1 ()bitter

Valine: d (-) sweet 1 +)flat to bitter

Leucine: d (+) very sweet 1 ()flat to bitter

Histidine: d (+) sweet 1 ()flat to bitter

G tis equently, the splatial c onfi~ruration of a corninound mlay hiave- a critical

effect upon its taste, It has been believed that adsorption oil soz,,e stereospeci1fic
,rface of the taste or:,,an is the initial or significant act in the sequence of steps

involved in taste stirrulattion. The stereospecific surface may be that of an

enzyme (. ef )). Work on the cliemo-receritors of the blowfly indicates a possible

role- of st ,r,.;specific interactions in taste stimulations.
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5.1.4 Checrical Constitution arid Taste

Moaicricff ian -t'idied the evidence between taste and chemical constitution

a id com:.:.iled the following list of general relations (Ref. b).
ft

-, The sour taste is characteristic of acids and acid salts. The

,rir;ary cause is the hydrogen ion.

2. The de.'ree of sourness runs parallel with the hydrogen-ion

concentration, but is anomalously high when the acid has

lipoid-solvent properties.

3. Not all acids are sour. A oitter or sweet taste may over-

whelm the sourness, e. g. , picric acid is bitter and salicylic

acid is sweet. Nearly all acids containing the group -COOH

-re sour.

4. The salile taste is characteristic of salts. They ionize in the

saliva.

The anion, the cation, comp-lex ions and the undissociated

salt all contribute to the t-iste.

6, Salts of low and medium ianolecular weight are salty in taste,

but heavy salts such as iodides or salts of caesium are bitter.

Heavy cation and heavy anion certainly give bitterness, out if

one ion is heavy and the other light the result cannot be

predicted.

7. Beryllium salts and some lead salts are sweet. Magnesium
and a.moniun salts are bitter. Salts of heavy inetals such

as mercury usually have a -netallic taste.

6o Substances :nay have more than one taste, e. . p-chlor accharin

is sweet and bitter and pyridine . o 5 dicarboxylic acid is sweet,

itter and sour,

9. Unlike the salt and sour tastes, the swcet and bitter are not

confined to single chet-ic.l ;roups but are found ii ,articularly

every class.
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10, Polyhydroxy compounds are usually sweet, e. 2. glycols,

sugars (,;ohn's sapophore, (OH) X)

11. a-amirio acids are usuallv sweet (Cohn's dulci,.eni crouip

C NH 2 3 and V-arniino acids are not usually sweet,

particularly the latter. The closer together the awnino tr~d

carboxylic groups the greater the sweetness,

12. On ascending, a homnologous series the taste freq-aently clian es

from sweet to bitter.

13. The i~il1Aence of any particular group is less in a lar,-e l-

cOtl than in a sixiall one.

l 1. On asceadia1, a homolorvous series taste eventually disap;e-Irs,

s~in' ultanecmsly with soluloility.

1.The presence of three nitro -rou PS in a molecule rives a bjitter

0 ti'to. Two nitro 1.roups usu~illy give a bitter taste. One

itro-rOu.; Often ,ives a sweet taste, e. ~.nitrobenzene.

ILi. Al :lation of an amine -,r oujp usually gives a sweet taste.

17. AlIylttion of an aamice group often g;ives a sweet ta:ste, e-

a -di~~nethylurea.

I.". Al'KYlation of an inside g-roup destroys sweetness, e, 2?. N-- e thy1

saccharia i.- tasteless.

19). Etherification of a. hydroxyl ,-r,)up often aoolishes a sweet

taste, t, g. !,lycA-) aionotiethyl ether is not sweet.

ZO. Mainy of thLe clianr~es which in~crease odour, decrease taste and

vice versa. L~i-ou~~t'is priroiarily irnportant for odour,

water -solubility for taste. Strongly sa-_id su!bstaaic. - are often

odourlIe ss.

.1. Al'.-ylition of the 1,cazone rin:- oftea 'ives a swxeet ta-;tc , e.

.,-tolunitrile is f~veet but not Lbenzoiitrile.
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ZZ. The entry of a lie.ay! ,rol.w, as.,ally c:i; s - bitter taste,

irrespective of w.hether it is attached to car on, oxy:,en or

nitrogen. This nay -artly 'e due to the increase in tnulez-ijar

weight so caused.

.3, Chain branching reduces the sweet taste -aad introduces a bitter

or a burniing punrgent taste.

24. Introduction of a rnetho-y troup frequently gives a sweet

taste, e. g. anisonitrile.

25. Esters with fruity odours usually have sweet tastes, e. g. ethyl

butyrate. Esters of inorganic icids are 'nostly sweet.

26. Esters of aromatic acids, sulphinic acids, as well as lactones

and urethanes arc bitter,

Z7. Esters of rzsorcinol and allied substances are usuilly -weet,

but no general relation exists between the taste of an aicoicl

and the ester derived fromn it.

t, Unsaturation often brings urgency, e. -. allyl itrite,

probably an instance of the con.mo-n chemical effect over-

powering the taste.

29. Nitro',araffins are sweet, sut unsaturation and chai. ':anchin'

give pungency and a catustic taste.

30. The arniiio group often hrin;:s a sweet taste, especially if the

positive effect of the a-=ine ,:roup is balanced by the :roxi:.ity

of a negative group, sich as car-boxyl or nitro.

31. Acylationz of the an-iao -roup reduces or destroys the ;xveet

taste.

32. Free bases are bittcr, i,articularly al ;aloids ind tertiar

aiI'm-oniur.; ra;es (Con'; i rou ps N - Ind N ).
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33, The ,inplest ar,'ides are )itter. Amides of dibasic acids

are tasteless. Many amides are sweet.

31. Di'1ydrazides, where the two hydrazide _,roups are close

to:ether, have sweet tastes (oxalic exceptional), but ,iot where

far apart.

35. For ureas to have a sweet taste it is necessary for one of the

N-I, '.rcu,:s to oe unsubstit.ited, hence symmetrical ureas are

not sweet

3 j. Ne-ltral nitro'en compounds are often sweet, e.g. n-amino

acids, dihydrazides, ureas, oximes (usually sweet).

37. Betaines are bitter (Cohn's sapophore 0H / 'O).

3 ,. I the aliphatic series heavily halogenated bodies are often

sweet, e. g. chloroform.

3), I. the aromatic scries, a halogen in the nucleus introduces a

.)'tter note. The bitter effect is least with fluorine and greatest

with iodine

Vr. Sulphur in aliphatic compounds induces a bitter taste. Mer-

ca ,tans, sulphides, disulphides, thioanides, and thioureas are

0itter (O5ohn's groups -SH, -S-, -S-S-, -,S-). The

sul- onic acids, -SO 3H, are sour or bitter.

'il. The effect of a sulphur atom as -i rinf- member is quite different.

The rin: functions as a who'_e, e. saccharin has heterocyclic
s, t~hur.

2. The ;iect of a sulphur-,ontairin- ,rour substituted in the

;enzene rin;, is to reduce the sweet taste and throw it towards

.xtter.

• 3. The s\,,vt:tt:3,e: of sacchri,, is due t3 thu a.nion. Its al'.tli and

J1 .aii:,e ; irth a ta are 3-weet, b'at saccliri: salts of iicavy

,e.taas ar,. artr ' . t.
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4.'. The sweet taste of saccharin is lost if the sul!)hirnide ri' is

opened or if t' e imide hydrogen is re.,aced.

Substitution in the benzene rin;, of saccharin reduces the sweut

and ;ives a bitter taste.

-1 . p-alkoxy phenyl ureas are sweet, e. F. dulcin. If the terminal

NH 2 group is substituted taste is lost (cf. 35).

47. Doublin , of the phenyl Ljroup inhibits the taste effect in both

saccharin and dulcin (cf. 22).

1 F. Small changes in the ethoxy group of dulcin to methoxy,

hydroxy, chlorethoxy, etc. , leave the sweet taste still there,

but larger groups like propoxy and acid groups destroy the

sweet taste.

4'). Substitution of the hydrogen on the already substituted nitr,.ea,

C H 50-- -NH. CO. NH, (underlined), leaves the

sweet taste but gives a bitter after-taste.

5(. Soi;.e a~duTh,,es are sweet, but no zetones. Semicarbazones

of sw';ct aide.iyd 2s are !,ss sweet, and phenylhydrazones are

not sweet. OxiLneS ofte;i are sweet.

51. Certair sapop hore groups are often associated with sweet

tastes and others with bitter tastes. The most i.,-rtmL :re
/H 3 -n

sweet: (OH) n  -GH(NH2)COOH, -C- , -CH O NO.

bitter: (NO,) >,, N, ---NN= . -SH, -S-, -S-S-. -CS-

5. Not only the groups Present, but also their arrin:,.ernent dete!r-

, iie taste.
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D3. Hou!.oloiucs Lsually have ,:viilar tastez if close to each other

in a serie-, e. formamide, aceta:;.ide, propionarride, all

bitter.

§-. lso,:..ers with considerally different constitutions have no

taste relationship.

55. Close iso.-,iers rnay have diff,-rent tastes, c.,-. leucine sweet,

isoee4t1i-, sweet and ,unent, Out there is usually sor, e

re se n lanc e.

6o. Substitution in the benzene nucleus gives isomers wth unpredictable

tastes, Often ortho and para are siailar but difter,---t from nieta.

57. Stertnoisomers :iay have diff.rent tastes. The dcxtro rotatory

isomer usually has the sweeter taste, e. g. d-valin sweet,

1-valin tasteless.

55. Taste depends :,ot only on the groups present but also on their

arranLet,-ent in space.

7,. 1. 5 Sensitivity

The sensitivity of receptors is expressed by the threshold concentration

:,ccessary to elicit a :ininu:r respose This sensitivity is r,-'atcd to the 1) nd-

in-. stt-,n.th of the stix--ulus to the rcceptor site if one considers the findarnental
CT C Itaste equation, - = - + because if the concentration of the stimulus

T s s
is decreased, the value ',f ( approachcs zero, and the value of the rnaznitude

S
of responsk- at thr-shold --wcontration is

RT = GTKR (7)

It can be seen that the thrc hold conccntrat; in, C not only dei:euds upon the

str. ith with which the sti..Il'L5 is ittached to the receptor site as measured ')y

thu qiii :ri e, coista it, K, but also upon the .-axinuin nlu e -- of sites available

for that partici ir" stt . R H s  Thus, by rneasurincf thrt.sholds one only obt.tins
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r ativ,! iafr, the bdu streu.-,,th of a iic 1.i.isacs~ those cass

I e.i s cc rt~iixu that the. im aximi-um iumber of availa 1,- sit,' s for thest. s io -

st F S< ' is costant- Si a may v iry with the tylpe of 3ti. .iutus , then the thres -

1! 4d co~ice:tratio,. Aone is riot i .ood za<reof thu L_,iidi-ii 'stren th of the

;ti *u~to the rL!.±,et jr (1.'4).

Ovie can det,:r:.,1vie if th. rc is a SC7)arat- l ;.ic fi')er carryin-' information

. iout sweot to the orai.,, and scparatc ones for --jtter, sour and icid ')y dissect-

,:i f,7(,:s nl tast,- fIber anid recordin7 its neural actjvitv,. The ch',a.L;e in

rve2 .-.onsc i.s sii liar to that -')tairied fro- all other sclisorv collV; that the

4ru *''cyo tlie ne-rvc imnp'ilsc incre.aseF with the intensity of the stiniulus to thle

I C_'C1J .If -,i uw!er of taste ntierv, i, r i3; studied, each fi;.ier is observcd t-,

difler -Ai :itly in 7,en5itivi ty frou. it, riho and mnost of the tit)Crs r ;odto

two oi :., ore .)f th, st i i reipue s -itimi diffe ren:it taste qIL1alitie9. ThuS , the

C )c pittt V i' of aictvity frot.. a :'.crof sinmic taste nerve fje ~is thouiiht

to ;be nec c;ssary for qk~al ity d1:-cric.-iiiatioui ( A cI. 4
0(A roc,,!rtor .. ay resi~ond to a stiulus within 30-50 mni!1is!eC. after it is

appAind t-) the'6,iriac.e of thc ton ',Ite.

We ,CZ- first koticed th2.t the sc;allest diffe rence j.) the wfi.-,ht of two jct

!)cars d.~ LzA re iat~o,. to the wei ,ht of the o"JectS. W C)Cr's Liv ;i lay I~e

e -'-)os sed:

LI/Il C (

Wherc I is i.,,tc is ty of stiroiil-s , i~Iis th- 3 i.: allest iiotictea .)1C= i i:n in tenzity

.nd C i,; a CO.LStA.0 F-chrier d 2volopcd th13 idt a. He t.oiAi..ite(I thait each diF -

iest .!ip of sti !uius ijite2nsity cor cc;--o)ds to a ui-it ixacr:asie fn sLensation'

tcile -.

LI/I = k sL(<s

\.veire A~S is the i crc_ is,_: i.- sc~isatioT) Froim this

dS/d1 =1I/k I and S =a log I + b (0

This rulationshil l;iI(.ates that sensation ispr rto l to tile lo; t.'of t he

:;ti.,Ui:; ititensity (.(ci. 11).
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Exicrii:;n~tal work on taste and smell indicates that the stimulus or coil -

ccrntration; of the sapid or odorous sull)st.,.-ce must 5e iacreased apprc.ximnately

30',' to produce a rioticeable differeiice in sensation, so that for the ch,!rnical

sen'sos A 1/1 has thc high value of 0. 3, in vision 0 01, iri h.riag ,. 1, iin pressure

of the sl,:in 1~. 3:), and in perception of w, ight differencezs I "'Z5 E )_

The inirinmurm stimnulus refers to that quantity of uwatter which just cvo:.Ics

sensatio.n-. Ethyl alcohol, C . OH, is a comYpounid which evo'kes sensations of

taste, odor and the ,,eneral chicmical sense and it offers aii opportunity to comp are

the 5euiSL )ilitics of the three senses. The t-ninimurn stimulus for the three is as

flollows:

0, 44, ' wAt/wt ii air for smiell

14 . wt/xIwt in -water for taste

25,1 wt/wt in water for general chemnical sensation (.(ef. .

The threshold concentration for ethyl rnercaptan, C 2 H 5SH, is 0. 3 x1 0

wt/wt which is 100 million timnes niore delicate than that for ethyl alcohol.

If one comnpares strychnirle hydrochloride, one of the most powe~rful sanid

)staiices with ;-nercaivtari, one of the ,most powerful odorous m, istances, it caa

)concluded that odor is 10,90C timens as sensitive as taste.

5.2Z Odor

The olf Lctory xiucosa lies ia the dorsal and posterior part )f the na,-sal

.av itv It is ,pseudostratified columnar epitheliurn with no distinct cuiit. The

olfactor\' rt!,c-pto r,3 ire h.air cells which are !bipolar -,nd ov ii, Electron micro-

9 0 ; ic LLcs th J thu-r! are up to 1, 000 hairs per cell. Each hair is I to 24.

Iowi , aaid 0, il, i., dia;. -t.-:r. This increases the -arface a,-ea of the receptor cell

- re atl\v. Tbh.2 scr*!tioi~s of the i--ucous .,;ands *mthc the :iasal cavity in a liquid

sheAth which is i.A a coistant statc of inotion toward the nasooharv,. ix, This sheath

1.3 c~i)Lrid,-r,!d to be very important iui conveying odorous su1,jst.rc. i to the r.±-ceptor

c,,11 solu'iility v ac idl:i)iiteiuc s p e r o;er ltdt h

idor Sij Cr solui (watcr 1n2). )i temcs ppast eltdt h
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5. . Electrophysioloical Considerations

The electrical re ponses of the fro -'s olfactory mucosa were successfully

recorded when odorous air was blown into the nasal cavity evoking; a slow neative

.nonophasic potential. The armplitude of the response is proportional to the

lo ,arithrn of the stimulus intensity. The shape and time course of the response

is related to the strenth of the stimulus. With an increase ,f odor intensity in

the stirnulatinr, air, the potential ris:es at a faster rate, tbe crest of the response

t)roadens and the decay time len theas. It has been found that durin continuous

stir.ulation the evoked resoonse i, the ulfactory epithelium declines from the

initial peak to a lower level which continues throughout stimulation (Ref. 12).

The chan es occurinc in tne olfactory nerve where odors ;timulate the

receptor cells have bccen studied but they are nt.t as well known as the analogous

cvets of the other :;e . c aeu:a, :- .:f the inacce:3sibilit, of the fine, unrnyelinated,

.,.'Ca.. nrvre thread&. Adriu Vi's erf.-,d the most e::tensive experir.- eats erm-

lovn f e .vre electrodc, aad 1n:;;tij the, into various :,ortioyis of the

*ooliactory l:;. Bors.t- of actior, .2oteitials resulted from injections of -,dor-laden

,rr-. Thee electrical activity rc'.,rd e.resented the summed effect ,t many

-)rii, iary iicirons ('"ef.

.- 2 M.chj'.s; .o of Odor

S,): C of the essential processes involved in olfactory !itivzllati in wxii! )e

discussed I::c.

As yet, Io complete or iclus'vc .Ii.ture has been advanced to c ite;o rize

all odorous substances becauce iwair are t'itally unrelated i)hysically :nd
,_-le..i,'ally..

Hill Arid , arother-: oliserved a ,elitionship between the number of atoint in

certai;i .u,;acrocyclic ring hydrocarbon compounds and their odors. A cedar -type

odori was -oss,.issed :)y 13-atom compands, a ,nus!,-tVIPe dor .v those with 14,

t5 or I , ato:. -, andt a ci~et-t-c )dor with 17 J)r IS atom coinpounds. They suxj-est

that the aui,-Y!r of atoms in the rin:;, rather than the identity of the reactive

,roaps is the si ;nificaut factor within wide limuits. Moncrieff s : 5qests that

odoro,,!; suistances are volatile and soluble (water and li id) in the tissues of the

5
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olfactory mucosa. The adsorptive properties of the receptors are important to

processes of excit-ition. Because .. inlv severi elenreuts are odorcu.v (1., 21, Br,

I, 0~ as 0~ P and As) and six of thein. occu'w% th-e lowest -1 daces; in the electro-

cheinical series, Mloncrid f corrcat. the disposition of an elemnent in the elec-

trochemnical series with odorous properties. Substitution groups in organic com-

pounds determine the stren-,th and quiility of odor. Le,,,ge has hypothesized that

!odorous sub-stancts '. av react with ;r-m Fs on the proteini anid lipoproteia fil.--,

Isurfaco Ic ,din( to the rupturc of tho pro)tein 'onds and a ,reAt in crease in their

ar,,a T -.e -S -S- :oLid iq very iwnportait in rnaintainii proteii structure, and

r irt,,i. )f ' ~ ~)ond- i-v i: c. r c-arta;, tn.i 'ht ex-lia w'.,% t'iese sub';tac e s are sCo

Adrk ia ha! -.. atd o~ r~c~~ f electrical i:c~rswit h Lfou r -,roups

ub taicen A:c v cis a ne.irof a *;rou-, i-c ludi r, *i iiyl anid ethyl acetate.

Bcnzc~ic .)ei )i,. S to a)i r ".1atic h%-drocarboii roup , octaic to a ;r )up of paraiffin

hvdi ~ :r .e .-. d he'avy' ,ils; and kii -entane t.) a group iTI~lUdll i. ti a Ic rpene 5

r41. a: ility of iit.i s to aim lri-h anrd r u:tjii -)do--rs a te2st e.I '\ Deinm cUr

and S.i. who u'i~id 11141 :nanv mietal surfaces pic :Z ip, r-n dity and distort

i t,,%n:vn thcories hav,! Oc e r:nosed. Ale .ande r 'nested that .-dt-r -

roduc ii u.stancos- al'foct the catalyst )alunce of the rc cc -;te 1 (t1k

Kistia'-ow s -) ttla rated this theorv' and 1iypjth s i '.cd tthat tht; ci.azi 0. inl ,OliCCira -
tion of the products of thce -caction cause excitation. Sur:ner c rit cizcd tii s

th _orv aoid stated that od'rolis substaaces in the concentratioits iiceded to evoke

x.........od niot aff--et the 1.kno.. enzymet systeins and that tis thetry needed

ncw~ ar-d 0-b 'a1eZY.Ics (t\Kf ILI) No one has expliined hiow, a . i'eini coni-

cen tratiui cauise.d iy inactivation )I an on-yrii co ild stim ola. .!eor nc rve:;,

Goldwvasster su-n;ests that thit crwiry needed to stitimulate oltactury r-ece-.t,-rS

.>ay co, c from Pauling,'s -lectroclictnical onergy source. de. ivttd tro;-t the Ch1ine.

)f jo'~.an-c %v thin i t :oiecu Ic whctn it -ocs into solution ( i{ef 1_~). Many

rrc atii, z, cit r tro: ua-,neti -ridi ltion or ri olecular vi ir ition to olfac ti o:i

hi-iv cel --ros e c. Thtere is tio e >c-neiriin enlal Lou adati on tor the c mnc ept that t !-e

u roc ti ~of odor result fi-oti radiations inherent in 1mol)ecular beha'vior1

40 It~h lia! 1)ee -, show ,n that cortam ,u,)-,tLnLces htave the iaime odor 6ut di fferent .3plectra
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I ;~i ra~ ~tcis~ I~xw1,0 iiave , Lti~a* ec J ra szriell differently such a&

0c Q d- J!d I -~S, is o Ercri re;0s ,"ero riot recorded wvhen the olfac-

to'-.-:i ruco sai 'vai c -v,-:rcd xwith a tlh i., 1jl st c .nr a~ie which allowed the pasi *.e

of iJ-fred radiation ;),t prev._ :ited -.. '- ical ,,.o-tac-t bthe stimulatirt., particles

Monicricff (ha.)ls devoted _ cha,)er i. h~s bool, t )the "Plivsical

Propertie5 of OdorfouLs Mat&:.-al.s", wvherei., Ii disc-issed .. orK done and theories

Iof odorous skitstatuc, 3 ini relation to vapor prcssure, solubility, infrared :tbsorp-

to, Atra~-v7 A, t aisorption, ilt rA-v,,-)!et ix radi,,.ton, refractive index, 11arnan

4 &, !3 Ia I 'lt, C :t L, '1 fu, dia! antti s;., di iutiofl and adqorption. lie
has ls') .ciu,_,ulatcd c ijifor .i~itioii relatla., chei-iical con3rstitution and odor

Liz ' tlIC 1-1rn . hs;e~ct !, the falovix.t.>era1 principles Statin,:

t hc xopen to criti cis:-, :,L ti.: Fli j:Cct 15 1, i. ea~rly sta-e of develop-

t , xzd if they are cr.ticiz,!d and r"o -ac,.d bv a :)etter lot they will have served

i o' ond fdiff .r,..nt conititintos may h,-Ive si.,ilar odors,

C-)i. .,ouaids A. very' si-ii~ar c(onstitut ion m-ay have dif e rent

odo r .If, iw,'ver, the cc)irstitutional differences ire sli,;ht,

o~do r d fI - re !C CS jr, cie :-a lv Co rre s ondian,jv sii ,ht.

3 Na lwe '..u occtirs free i ,natu_,r i6 odorouEs under nor-nal

tLa':ditions, ')u.t cierneutar%: _trsenio: is odorous if heated and

f v iporized.

It. S,-vken of the le.ttsare odorous, viz.,fluorine, chlorine,

If' inc, ,di:xc,~onun suc, oxygom (a±s ozoae).

~. Pol- izaiiin rodUCeS ordetoys odor whether in elements,

reld :hospoho rii , I,,;c~ nud 1y l-

'.The elemnents .;ive wily two iaids of s ci-'halov~ec:; and

*~i~j -which -r(- 3i i y f'rida.ccntal or pure od rE.
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7. A:A ity to function in a h-i .h sta-te of valency is n)roductive of

o)dor. (The Ihalo 'ens are,. n Group 7, oxyfgen in Group 6,

and phosloorus *. rA- arso~iic ina Groiip '_ of the Periodic

CAassificatioai.

.. Electroneg~ative or ;kon--jetallic character is allied closely

with odorant properties. Ele:nents at the bottomn of the eloctr'o-

cheiuical series are odor -produciul:

9.Electropositive elements sup')ress odor forinatiou. (Thos3e in

G.rOup.3 I and 2 or at the top of the electrochemnical series

11). St,1phur, selenium and tellurium compounds often have vile

iulswhilst their oxygen analogues aire odorless.

11. C"OL.-pouiids of phosphorus, bismuth and airsenic ,'ften have

.ariic~y odors

Unsatijration enhances odor but does not initiate it. (The

0r.-rafliLIs are odorous)

13. Inth paraffins, str ii~ht and L'raiiched -chain iso.wiers have

-; ir-.ilar odors , and the pos itir):i of the double b.ond (if any)

is unimprtant.,

i .'. Iii - hoi-nolo oui~ series the odor will rise to a1 :n :Li ut i s

we ascend the scries and iAthen fall off owili; t ,de.:reased

volatility.

I1. Unsaturatio-, ofter. intro)duces aii irrita:nt note to the c)dur,

partiCUI.Ary if clo:ic to a -;olar e.ou ,. alinhatir aldrildes

and acids.

1-. A terti.-ry car bon dtoiLi will frc.que-itly iniduce a camphoraceous

odor.

The osrnophoric influiciwo~ o the phenyl .'roui. is -troiij,. It

overcoines that 4f ai.,y1 utl.er jroups and also of tho amino

rou p.

40
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13. The iatrodiiction of a .v oxl<roup frequently depresses (.r

abolishes odor, e. - , aliphiatic acids.

I ~ Aromatic acids are usually odorless, whereas most aliuhiatic

icids are odorous.

Fu) Vlly reduced aromatic bodies have -odors siimilar to those of

tatty sub~tancc_ ., e. %. :vclo)hexane, hexa11ydrobenzoi-, acid.

Fu. ~lly reduced !teterocy clic bodies also develop aliphatic odors,

2.ELuters 4-tv-c "ra.1rant fr-aity *:dorj. Thids includes esters of

%,Wca, inor 'a.,ic acids s'.ch a j boric.

~3. _,u odor 12- -)ftenl fo'ind acc )rndlxicd I-y) volatility iiid

j-ivntical reactivity, e. .,. aldchydes- Chemical reaCtIVity

and icasaturatio1 run parallei to odor.

24. Esters of diacids have -ood odors, but those of dihydric alcohols

have weak odors.

~5 Ketones zo cnerall: have ;Aeasant odors.

2. Whereas introduction of a hydroxyl ,roup frequently destroys

odor, the etherification of this 5 r oup usually restores the odor.

27. Lactoiics have fra-,rant ester -like odors.

typ)e as we pass from cl~lorine to bromine and to iodine. Two

or thiree halo-en atomis h-ave an additive olfactory effect.

29. When i lialo-,en is already a substituent, a hydroxyl group)

:.chaves abnormally and increases the odor.

30.) The odor )f aminies is inoro am-n-nniacal when concentrated

than when dilute, and] tie fishy odor is stronger ini dilute than

in concentrated solutions.
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31. Nitro'en compounds frequeatly have an "animal" odor.

Conpournds not containing nitroen do not ordinarily have an
'animal" cdor.

3". An oxygen liaka-e is frequeatly associated with a c-leasant

odor, e.'. esters, lactones, nitrates.

33. Many nitriles have a bitter-alh-nonds odor.

34. Compounds in which an element functions at a valency' lower

than its maximum usually have offensive odors, e. -,. hydrog:en

suirhide arid the isonitriles.

3;". Many sulphur compouads, particularly where the sulphur is

divalent, have offensive odors, e. nercaptans.

3,. Sulphur and aitrogen aad oxycn atoms in a rin , do not play

thuir usual olfacLory role. Their itifluence is subordinate to

thfLt of the rirl!;, e. . thiopiiea, furan,

37. If a hetero.yclic body is co-,plotely reduced, the sulphur or

:%itro,!eu or oxy.:en atoms regain their normal olfactory effect.

3S. Wi-ereas uasaturation is often a contributory factor to odor,

rin uas.turtion appears to have a negative olfactory action.

3:). Tihc i',ain factor in detert;iu in in odor is the architectural type

.)f the molecule.

40. Tho osmophoric ;roups play' a part subordinate to that of the

architectural style. In small molecules this part is reater

than in large molecules.

i1. The olfactory offensive and delicious are often closely related.

. Sol.e substances chan_,e their odor on dilation, e. -,. indole,

'1 li . S.

13. I, rin,4 compounds, the number of ring members often deter -

*'lines the odor:
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5-6 members give bitter almonds and menthol odor.
6-9 members give transitional odor.

9-12 members livc c-tinrlvj-r -r ::niat )d .rs.
13 members l!ive wocody or cedar odors.

14 -1: ' members ',ive n-.tskz aiid peach odors,
17-1: oe-mbers lyie civet odors.
Iio r u than 1;' give faint or -no odor.

Tfic odour of cornpounds withi rings froz.i 9-20 nie.ibers is

largely independent of the substituent groups.

'14. For .i mnusk odor ia -nacrocv-clic compounds the b~asic ri-..

struc-ture must be between 1.1 and 19 atou-s, and at least o)ne

cl-rbonyl or ir-iine 'roui- is iiecessarv. Musk odors dre not

corfiaed to macrocyclic couipoi-nds.

O~ic huterucyclic atom-r icrcas-,s the odor of macrocyclic

c~mpondntwo rz-ducc it.

o the oiincs* te -1 tir of the double !bond in the ri1- is

'-Ioiiomortanit, ibut unsaturation in) the side -chain is ussential

fotu the v'iolet odor.

47. Ar SOnic comrpounids arc -an-oally *,arlicky or ill -srn-,llian

(iacodvl)jot not if the a rseaic is a Jieterocyclic en u

*f a rin{

,6 lit .i mixed eth, r -e stor colt ouiid, the erter -4roup hasl a

do!: a aatnt -)!factor,, c ffc ct .

K frsncILInn of a I--haiin u-ually onh1ances the odor.

Q0. There i- w;l, r~to be tw cc ti the odlor S ,f i-n me r; nwith

it ~ortrtitnuctairal difie ret,ye ,

1. Structu rally SiO2lrin *oior:> osually have siimilar odor . An

the dific renic im nolec,.il, r st ructure or architectuin1 bl tv e Jf

isoriers ulracso 'J d. )r differeiices.
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•g. The position of a side;-chain in[luences the odor. The nearer
the side-chain to a polar -roup, tie stronger the odor, e.

a-substituted lactoues have stron-er odors than -y-substituted.

3. Position isomerism in the benzene ring has a marked influence

on odor, e. ,. o-biphenylyl ethers are odorous, para are

odorless.

b4. The 1. 3.4 arrangement in the benzene r.ng usually leads to

a pleasant odor, but not if the substituent groups are heavy.

-,. Para-substitution oftea introduces a soft anise note.

5 Meta-substitutio; usually enialices the power and pungency

of au odor.

i. Ortho-substitution often, .ivs a floral odor.

3. With equal substitueats tiie :ra influence overwhelms the

* ' neta (or ortao) - if both tre present.

5*. Where metlyl and chlorine occur as substituents in a benzene

ria, the latter has the :ruater irfluence.

C,, The odor of a substituted aromatic compound depends -r.ore

o'. the position than on the itature of the subst.tuent :,rops.

,l, Stereoisol-ners :nay have different odors. The differences are

not usually very ;,,reat.

tJ >i itally, the -eneral conclusion is that odor is determined by

the architectural arran-e;nent of the molecule. Osmophoric

,roups (ic) have a secondary influence, only in so far as they

nn,)dify the _,eneral arran,,einent. The great difficulty is, of

course, the subjective nature of odor classification. Once

this difficulty is removed -A it is possible to define exactly

the quality of an odor, theu loqic and precision will reduce

chaos to order, and the r(.lation between odor and cwx!-,iical

constitution will be dizcl_ :;ed to us with mathewatical exactness."
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A history of "Theories of Odor" was presented by Moncrieff. He believes

that, "all contain some of the truth, lut none all the truth.. together they may

embrace most of the truth. " The theories contain the following ,nain factors:

volatility, solubility, reactivity (olfaction probably includes some chemical

reaction), and vibrations (intramolecular).

More recent work has placed enphasis on the stereospecificity of chemo-

receptors insofar as the senses of taste and odor resemble other physiological

responses and are subject to the "lock and key" notion of biological activity.

Certain dru ,s in seemingly diverse, chemical classes actually have a resemblance

in spatial shape and charge distribution. It is not necessary that the whole mole-

cule fit the receptor site to elicit a biological response but that only the "active

portion" must fit the major portions of the receptor site. An application of this

"lock and key' concept can be found in the development of PAM, an antidote for

the toxic nerve poisons, which is effective against the alkyl phosphates - the

most powerful chemical warfare ag-Yents (Ref. 5).

0 5. 2. 3 Absolute Sensitivity of Odor

Up until a few years ago, quantitative studies in olfaction were rare and no

complete set of data was available with which the sensitivity of single olfactory

receptors could be calculated.

The following six steps are involved in the calculation of the sensitivity of

individual olfactory cells from the wor:k of Stuiver ('Ref. 3).

1 The absolute threshold of the organ as a whole, that is, the

inimum perceptible number of molecules, No entering the

nose under optimal conditions

,/o The fraction, fl, of the inhaled air that passes through the

olfactory slit.

3. The fraction, f,, of odorous molecules left in the air when
it reaches the olfactory slit. This factor, f., is snaller

than unity, because part of the molecules will be adsorbed

on the nmucous membrane that covers the nasal cavity.
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4. The rem-tining molecules that pass through the olfactory slit will be

effective only insofar as they hit the epithelium (fraction f ). The
3

number, N, of ordorous molecules reaching the epithelium is then

given by:

N = No f f f(11)

5. From N and the number of sense cells in the epithelium it is possible

to calculate the average number of molecules per sense cell. A

simple statistical analysis gives the minimum number n of molecules

to which a cell must respond. If one were to assume a high value of

n, stimulation at the actually observed threshold would never occur.

6. Finally, the steepness of the frequency-of-smelling curve gives infor-

mation about the minimum number of molecules involved in the process.

* A brief discussion of these six points follows:

The threshold depends on the time of presentation of the stimulus, concen-

tration of the odorous substances, and rate of flow of the carrier gas (usually
air). The rate of breathing is 250 cc/sec/ nostril. For short times of presenta-

tion of stimuli the threshold expressed in number of molecules is nearly constant

but for longer stimuli it becomes proportional to the time of presentation which

means that the concentration is the controlling factor.

The nasal cavity can be compared to a slit with a width of I to 2 mm. The

area of the sensory epithelium or olfactory slit is 2. 3 cm 2. For normal breath-

ing it was found that 5 to 10% of the total flow passed through the olfactory slit,

and thus provides an estimate f f in Eq. (11).
1

It is known that odorous substances adhere strongly to the mucous mem-

brane of the olfactory epithelium probably because the concentrations are so low

that the amounts of odorous compound are not even large entugh to leave a mono-

molecular layer on the surface. Assuming a complete loss of the odorous sub-

stance after collision with the wall, the amount a left after time t sec. is:

-Dir t d2

a a e (12)
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where d stands for width of slit (approximately 0. 1 cm) and D for the coefficient

of diffusion of the odorous substance (0. 08) then

-80ta --a e (13)
0

Whe!re the rate of decrease is the same, whether the gases are at rest or flowing

laminarly.

For the rate cf breathing V crn 3 sec - ', the time of transport from the

entrance of the nose to the epithelium is about 2/V sec. Substituting in

er:uation (12) gives:

ala ° = f = e -(80 x 2) /V (14)
2

since V (per nostril) is 250 cm 3/sec then

-0.64 1"f =e e04 .5 (15)
2

substituting in equation (12), the fraction of molecules adsorbed is

f = l-e (16)
3

for normal breathing the result is

f = 0 5 (17)
3

substituting in equation (11) a value Lf 2% is obtained for the fraction of inhaled

odorous material adsorbed in the olfactory slit. The other 98% is lost.

In order to calculate f and f3 the assumption was made that each odorous

molecule hitting the mucous membrane adheres there for a fairly long time (of

the order of a second or more. ) However, this assumption does not appreciably

affect the fullowing conclusions.

0
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The threshold for mercaptans is 109 molecules of which 2 ,'0 or - x 10' are

adsorbed effectively on a-proxitnately 4 x 10 7 sense cells ,hich avera-es to 1/2

per cell. Assumi:in, that n or .'ore wolecules are neccssarv t,) ex:cite a cell, the

probability :s that at least one cell will Oe e'.cited since one cell at least has to

be excited in, order to produce a sensation. If i ic set too hiW"i, i, sensation would

occur for thrc' hold values that have actlially beei observed. The assumption has

been inade that the odorous inoluS are evenly distributed over the sense cells.

However, nut all -.olecules hit effective sites and not all cells m'ay be effective

for the odor. Hence, this all leads to lower values of n. The value of n, derived

under modified assumptions will be much lower than 8.

If one studies the steepness of the frequency-of-smell curve which relates

the frequency of a sensation with the intensity of the stimulus, the steepness of

the curve gives information about m , the number of molecules involved in pro-

ducing a sensation, The data indicate m to be 40 which means that 40 cells may

be necessary to produce an olfactory sensation assuming that each cell responds

to a single molecule.

Thus, in summary, the threshold of one human olfactory cell is at most 8

molecules for appropriate odorous substances and that at least 4) molecules

are necessary to produce a sensation.

5.3 Summary

Man is faced with many chall2nging problems in his attempts to design

physical analogues of the biological receptors. The high sensitivity and short

response time, characteristic of the more relined bioreceptors, have not been

equaled by physical transducers. A few, or possibly even one molecule, by

operating on specific chemoreceptors can cause an impulse to travel along a

nerve fiber utilizing metabolic energy, and producing an electrical signal that

can be detected by comparitively crude means. The site is then restored to its

original state in a fraction of a second so that it is capable of firing more signals.

This process is so efficient that biosensors are certainly worthy of detailed

studies for potential applications. The gas chromatograph is the closest physical

detection analogue to these chemoreceptors. It might be possible to (i) modify

the separ,-tion column or Tbsorber in -i g s chroinatograph in such a ,-_y th-.t it

is i chemical duplic.te of thie mucous Lneinbrine of the nose or even to incorpor-

ate the biosensor tissue itself into the instrument, and (b) to improve the detector
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Li rec(,r er '9 intro.iuci-1u .2o:e _ omputer teclniiue to tl)t output of tie ; s

, to p,.- L 1 n lytic 1 tool ,'oulk I be 7V il lie t ,'ould be c tp7,ble

o1 :;ep r Lin: n. . i.le.-tifyiri ( .,fter c lijr tion) ,s ai,,ny odors ti tie nose ,viti

-e , 1-e . ;. e ,ee o" :;en- itivity, , 1i ler degree of objectivity, -.nd -n ttsence
, i ti. ue.

_3ec u-.e of the ii,-. ienoitiviti o biosensor:3, tlieie recepor.; .vould :n.ke

e.-_ellent 1 W n1r if in:orpor ted into physic 1 tr ins.u.:er syite:ns. Fhe

pre..ent docuv:ent ,- ,-no.vn potenti I v Au-ble pplic .tion. for investg itions to

.eter 2 ine tn-e fe.si!-ibiliLy of uia livin_- tissue, orgrans or aim -:13 (insof r ,.s the

.i' 1 _i 3upp!)rLin-, ;peciic receptor tissues) -s prinmry, seniort.. .Nlont,, the6e

c2 el Alli. , e;e r,:', I .i ,. ;o been intere ;ted in C',V -:tentz, -iot letecteJ by

th.e bense.- iuc: s cert _i.i nerve .gases, whose presence in ver', -- i 11 (-u ntities,
re difticult to etec .. Ailie.' (e-3 e rc h i s proposeu tl.it, ,-'iti, I,e ,i- o

r .io ctiv'j ,echniqiue, zietlcd, for -ietectin, nerve ',,ses present in concentr ,ticus

of le - t. - . I '.i. x n/ gm of ,ir c -,n be .evised. Frow-n such evelopt.,ent, -.

,Iet..w-,i for . r !pid continuous nnonitoring system suiL ible for field use is expected.
Some general avenues of approach for improving physical instruments should

involve studies concerning the lollowving biological structures -nd principles:

a) investigations of semi-permeable membranes in order to find one

that allows rapid diffusion,

b) investigation oif substrates having high adsorptive power for the

molecules (stimulus) to Oe detected,

c) an investigation of how adsorption "triggers" diffusion and,

d) how diffusion generates voltage.
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6. Thermoreceptors

Thermodstectors in the tissue of living things faction as temperature

sensors. They occur either as cold or hot detectors associated with a small
sensitive area of the skin known as a spot. In general cold spots are far more

numerous than warm spots. The distribution of warm and cold spots in human
skin is given in Table 6-1. (Taken from Ref. 1).

TABLE 6-1

DISTRIBUTION OF WARM AND COLD SPOTS

IN HUMAN SKIN

Cold Spots Warm Spots

Forehead 5.5-8

Nose 8-13 1
Lips 16419

Other parts of face 8.5-9 1.7
Chest 9-10.5 0.3
Abdomen 8-12.5

Back 7.8
Upper arm 5-6.5
Forearm 6-7.5 0.3-0.4

Back of hand 7.4 0.5
Palm of hand 1-5 0.4
Finger dorsal 7-9 1.7
Finger volar 2-4 1.6

Thigh 4.5-5.2 0.4

Calf 4.3-5.7

Back of foot 5.6

Sole of foot 3.4
2

* Number per cm

I After Strughold and Pore (Ref. 2)
SAfter Rein (Ref. 3)
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"Concerning the thermal sensitivity of animals, our knowledge is very

scarce and scattered. Until recently cold-blooded animals were not believed to

possess any specific thermoceptive organs. Sand, using electrophysiological

methodsdiscovered that the Lorestaiuaa ampullae of Raja reacted to cooling. Th

Lorensinlan ampullae of the elasmobranchs are situated laterally in the region of

the head and consist of a group of small mucous cysts lying subcutaneously.

They are supptied by afferent fibers from the facial nerve.-

,,The facial pits of the pit viper (Crotalidae), which originally were believed

to function as mechanoceptors specialised for the detection of air vibrations.

were clearly shown by Noble and Schmidt through behavioral experiments to

detect the body temperature of the snakes, prey. They proved that snakes with

the other principal sense organs of the head nonfunctional can still strike correctly

at moving objects and can discriminate between warm and cold ones as long as

the pits are uncovered. The organ consists of a small pit about 3 mm in diameter

covered by a membrane 15 4 thick. This thin membrane is the innervated sensory

surface. Leading off from microelectrodes, steel needles with tip diameter of

about 3 to 7 1& inserted into the membrane, Bullock and Cowles. Bullock and

Diecke, and Bullock and Faulstick proved that the afferent nerve endings serve as

infrared receptors. They are, so far as we know at present, the most densely

distribted warm receptors and the most effective organ for infrared detection

within the animal kingdom. In mammals cold sensitivity seems to be located

particularly on the bare parts of the mose and on the tip of the tongue. More

details are not available as yet. n (Ref. I)

In some parts of the skin the thermoreceptors have been found to be the

Krause end bulb for cold and the Rufflaf end organ for warmth. They are located

at a depth from the surface of about 0.17 mm and 0.3 mm respectively. Whether

the Krause And bulbs are the receptors for cold in other parts of the skin is still

uncertain since conventional histological methods have failed to reveal any end

bulbs of the Krause type in the skin underlying the cold spots.
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The response time to a thermal stimulus comprises the time of propa-

gation of the thermal wave through the skin, the latency of the thermodetector ad

the nerve transmission time. Typical figures for recordings made in the lingual

nerve of a cat in response to a cold stimulus on the tongue are: total response

time 0. 015-0.07 sec, physiological latency 0. 003 to 0. 005 sec.

Threshold temperatures for onset of a warmth sensation averaged over 8

human-subject experiments, are given in Table 6-2. (Taken from Ref. 1).

TABLE 6- 2

THRESHOLD TEMPERATURES FOR WARMTH

DURING HEATING OF BODY IN CLIMATE CHAMBER *

Rate of Increase Forehead0 C Abdomen0 C Hand°C Foot°C Integrated
degrees/sec Skin

Temp C

0.001 34.8 + 0.3 34.5 + 0.6 31.7 + 1.1 31.5+ 1.1 34.2+0.6

0.002-0.003 34.7 + 0.5 34.8 + 0.8 31.5 +1.9 31.5+ 1.9 34.3+0.91

* Average values from 8 experiments[From Marechaux and Scha'ffer (Ref 4)1

In conclusion it seerns that there are not a great deal of data available

concerning thermorecepturs in living organisms. From the limited data that

have been surveyed it has not been possible to formulate any engineering appli-

cations. Generally speaking, adequate thermodetectors are available in our

own technology. It is conceivable however that further study could lead to the

generation of applications, particularly to reproduce the small size of bio

thermodetectors.

4
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I7. El-octric -ina PAwnctic Roccpt-r3

The ability of ccrtaiin fish to generate electrical discharges has beer widely

known for soctinC. Mure recentl! it has apje)areu that Loiye of these electric

fish are capable ,f Lo)cating Gbjcct-.: in the wat-or. The role of magnetisi- in anir~al

behavior is neither as well understood nor universallV accepted. flie prelimninary

exan inati,,n of tie literature perforz- ed under the present study indicates an

aiccclerteua interest in both fields, and indications arc that the coming year will

urin.: a considera-ble airount of new data.

IElectric Recei. tc rs

AixLiwn,- th, ani;,,al-3 inhabitin- the earth, onil,, fish, both n-arine and fresh

water f-r-., are '-!.nown tj exhibit the abilit; to generate electrical ;2 ulses. This

property is not restrictei t.- a particular --r*-)up of fish; it is found ii- both the

ela- ',.otranchis and teleosts. Phe !;eneratini- cr-.an itself is fourni in various

Lcati.jr.s on the b,.U'y of the fish. It is fournu in the rnudifieu pect ,ral fin region of

~ray--, an-' L the caudal reg!ion of bony fish.

rhc electric field serves two functions: in- the case Jf Electru phorous, the

S., utn American electric eel, or the electric ray, its functioa ic offense

r defen~se. Ini thec failies NMor.-;yri"ae and Gyrmotiduae the electrical discharges

are apparently used fur oLbject l,,catiu.n. For example, withiin the fan ily MWrn' ri-

dac, Grinnarciius nil, ticus continuaoujly -ischar., es l~w voltage electrical pulses

into the surroundin! edu for object detection. Murinyriuis and -yrnnotidIs are

niost coirnon.-ly found in those areas of t'Afric,. or Sotith '"nerica where streams

are ,,enerally vory turLid aurint: the Ur-' seasons and ircrease in turbidity during-

thie rainy seabon when jAl erosion is at its rmaxinur. Urider these conditions

nori..al ocular sensin)- (vision) is of little value, an" because c-f this the eyes are

very poorly developed. Tjhe evolutionary process has resulted in the formation f

or.,ans that produce electrical dis charges; these organs arise from m ult i- nucleated

0-uscie fiber;3.

r.iuzbe tiatie, Lhat use their elc~rical Aiiclar,,es fLr object location Zilbo

pusse-iu electrical sensors. Thus we uijay Lpc-ak of tn active cbjuct-lucating systeni,

the en-r!,y J'ur w'iich is furnished ultL-iatclj by -retab.Aic proces, es within the

fis.,i. Iiiuiczit .iis tre that thiL sy.,ter-, possesses dori.c intcrestin-, *.iata processing

capa.- 'liti.es. In the coursc oif thi. inve.z-tigtio.-, nio cviucace has loeen found to date

of the existence of any pagsive electrical detection systems.
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rhe object-licatizig systenm riay be thuu .ht of in ternis (-f thire components -

a transinitter, a receptur, ad a data processingL _-cheri.e. 'Jhe transm~itter

al),.arcntly o~xrates c -.ntinti,:usly, day anld ni ,ht, prol-ucin- ar. end less pulse train

of which the pulse duration and pulse frequency are different and characteristic for

each -,pecies. rhe pulse freq~ierncies range fruiif. &li>.htly less than 50 cps to a few

hundredi cps. The frequency appears to be constant for a given fish and does not

chang,-e when the presence o~f an ubject is -detected.

LThe trarsnmittirg or:ans are found in the tail region lyinlg parallel to the

spinal col'im-n. In Gymnarchus there are four organs per sidle, while the other

nir; ,rids exhibit two ori-ans to a side. A transmitting organ is miade up o:f

many~f cells ilaced side by side anteroposteriorly. Each cel is .-eparaxtely

innervated fr m7- the niuor nerves of tile centralI nervous systerr; it is surro-unded

by a -gelatinous matri.x which in turn is encapsulated by connective ti.,sue. The

electric imopulse is believed to be triggered by a chemoresponse (dAcetylchColine)

at ie nerve era~nrg of tie indiviaual c~~ncells.

"he receptor oreans have apparently lbeen the subject -,f seineC controversy.

It is now thuailht that the lateral line system, with its various raifications iver

thz- head ab far back as tile posterior border of the ,,percular region, is an

electrical receptor. Altheju-,h no definite conclusions have been stated, certain

bl~mularsense ur;-ans called mori-nyrornast cells, found within the lateral line

i.,tn,.ay be the truc receptrs. These or;gans may bc able to. sense any

riinutc -iistortiun of the electrical field established 'L),- the transxi~ttcr ,r-an. The

su,, -estior. that norrc. ron ast-type structures are elcctric'Al receptors was put

furth by Lissy.-ann (Ref. 1); these structures are situated in the skin and cornnouni-

cate with the jurface by jelly-fille,1 canals.

Consider the electric field gencrated by the transmitter electric organs. For

a statiunary fish in un iiafii~tcly lar.-e tank the lines of current flow and the

equipoteritiis are Ar ilr tu Fi(ym!rc 7-1, and correspond approxim:.ately to those

of -a Aipolc current jource. -hen an )bject of , conducti-ity lower than that of

the surroundinv wa ter is bro)ught near, the pattern becomes like Fi,,gure 7-2A,

while Lr ;kn ubjcct of higher conductivity Fi-ure 7-21r applies. The titimuli

received by ,iny electrical r,!eeptors onl the surface of the fish will be m~odified

(Ref. I). Thus, it would appear that the presence Af an object is detected through

its influ 3nce on the electrical p~rcfile establishied ,ver the skin of the fish by thie

W transr.ittin;_, electrical orlans.
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The thair-' component of Vihe ,,,tcc'Aion i y-turmn thc Uata processin , ichern,

ii less well understoodin may bc the most intercs-in(: feature uf the detection

sy-eiT. Lssrnann ind Ma 1chin (Rlef. 1) performed ce purirncnts to dn'd how the

potwntil i, tribution aroundl a fishi voulA chan e in the. pr.Zsence2 of perturbing

obj-ctV. ,volt~i,,e wvas applie, t an el.ectrolytic t.-nk at tv.,o points t-) Amulate

The .dpolc Aid of a fish. lie poten~ial in the tank was 3ampled by pickup

e~croo~; ran-,eu aroun. these points in the Shape of the body of the. fish.

Wvith _jclicate ant- protracte measurements it was pos~ible to loc,,te a large
in.;ulatin ebicct a few,. continetcrs away from the probe aloctrodes. Hwvr

-vith Lfl'/ ppar..tus of only tn,)iitc coinpie (ity it was imposaiblc to ucta-ct

ca s-_! in thew potcnti.il distribution for small an-1 remote objects wvhich could

.ily be detec*wd by Gyminn~rchu.-i. it is thus sa ,---sted Lhat a miere samnplinj'

o f pcoteru ial over the scnsitizeu± skin :ire,, is not sufficient to a 'zplain the perforin-

11 t.:e kc tac ii.;Ii in beha.!vi.iraI stu.Ac3. One2 is led to suspect -.he e"'Astence of zi

mo re suphi~ticateua .;ensin:2 zzchore.

I'll au-1iors of Referunce I undertook an analysis of electric field" cont i ura-

t io()n s for- vario)us arrannvctnent3 of oojects aroundl tile fish- In aduiti-on to) c~lcultt-

in.! cl~i n -s iii potential caused by a perturbing object, the-y investi.'ated thle

caan,-e of the secondl space derivaitive of potential. Their results le-. to the

i'Allowin-j conclusions wliin are quotek' from Reference 1:

11(a) A chiaracteristic iiturbancc occurs in both hc pote;ntial an its

second ".eriv.;.tive irouni the point on tie surface o)f the Asih noiircst to the object.

(1)) TFhe change,.s of potentiA are slowly var'i, -.ntl e-atend ove2r almost

tho whojle of the iurface _)f tile fish, while the_ chane3 of ieconil -crivative are-

mucl ,ha rpe r .,nd moere closely confinedl to the part of the fish ne re St to thle

object.

(c) In the second" .erivc~tive oiode the ! reatasi sensiiivity is cbtained in the

hetad'-on position.

(-,) in ilhe he:-..i-on positi )n taie wiuitl of t.he peak of second _.eriv~itivc ,ives
info rration ;Jbout r. n 'c: at sla )rt .- n 41 ~ir p~ifnk&la r'isi

producedi, vieat large(-r r \n:-',s the peak is broau.,.r No such disc rimination is

av~iilable in tile p,,tn~ jl inucie.
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(e) For tie second derivative mode the chantes in stimulation of the

rece-ptors due to the presence of the object are of the same order of magnitude

as the .otal sLimulation they receive in the absence of the object. For the

potential mode the chan.,es are about one-fifth of the total stimulation.

(f) Movement of the tail of the fijh produces relatively smr.ller chan'eas of

stimulation -f the second .erivative mode than for the poten-Aal mode.

It is cle. ! that th= 2econ(.-:,erivative mode is capable of the gr'ater

location accu_:tcy, and is less disturbed by tail movements. Furthermore,

r 'latively ;:eater ch.inges of stimulation of the receptors are produced by opera-

tijn in t .i secolau-_c.crivitiv node. v, (Ref. 1).

Th.: Lame paper dcscrilbes an experirmental prozram consisting of behaviora

stu.ie-- f a fi.sh in response to externally applied electrical fiehl s. It was

concluded :-uni the re:;ults of one of these experirnents that Gyrnnarchus

can detect objects by the aisturb.xnce of it:i own electric fielj in the water. The

Speriment.; ,ie.cribe1 also in,iicate the limits of the sensitivity of the fish.

W The &uthors (Re:. 1) c.nclude that the second- .trivtive mode appears to

Io t1e on, r.a:;t i l robbly operating in Gymnarchus. The e:periinentally deter-

mine,,' liiiits oi detectiun are discus ;ea in relation t) the r:indoln n-ise in the

receptor circuit ; it. is concluded th,.t both spatial ani temporal inteoratian arc

1i.ely to be emLployed. It is su;-este Lhat the detection systein operated with a
1iriitc. m v. idth. this woule bc equivaIent 1o an inte 'r: tin cf the si -nal

over . til .C T .iv!n by T = 11(2T L/"f) so that the reduction of noise is achievc.e

only t he e :pense of relatively lung response time. It is further suggested

that spatial ince r. ti ;n is accomplished by avera in- (,,,ossibly in the central

ne,'vou,: :;3stera) thc response of many nei hborin rcccptor_ . If n receptors

are taus avera,c,', the n-ise c:,n be reduce-_ by a factor ofl -n.

he authors ,li ;cus.eu two oth.,r rnech,.ni.iins that could be employed to

iraprove .he si ,n;J-to-n-ise ratio fi.r the receptor systcm es a whole. By

f;%viinmin-t to ai,. fro ne;,r th.- jb.ject "1e fish may I scant the area, giving - field

pittc rn wiuich swee ps over the racepLors in . readily identifiable way. This

,ives an effective increa3e of inter,-,tion time, since the information from thke

t-eceptars rny be c;Allected over the ,irne of one whole 1 scant . Furthermore,
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ta.! ::rnall relativo C'.ULe in~jinulu., would be inuch more re adily detected since

se'er< I,. c,-mparisons could be xyB de in a short tim-e. fhe! other mnechanism

invol.;es infiibitio)n .-f the rece2ptors be2tween trans mitted pulses. For a one

railliecc,n-i pul e w,%iti a repetition rate of 300/sec, an imnprovemlent of si,-nal-to-

n-)ise rz-.tio by a factor of about N4T would be obtainecl in this way illiS

blankin 'weulki havc to take place before the pr'int at which temporal integra-

tion ,,ccur ck!,; there seemi-s to be no obvious mech'1 nisin for carryin' this out.

Since, thu si nA-to-noise rantio is imnproved by a r-Alitively small fractor, it is

unlikely th.-t any very complic-ted mechanism woul"' bc involved to give I'blank-

in) of thec rce ptor.

In anj)tihr paper (Ref. 2) tie same authors describe further experiments

the r-esuk.- of which appear to confirm taeir postulation .3f the possible moda of

acti )n of tiie electric re!ceptors.

--I 21.ctric receptor-, are assume,, to be tiie rnormyromast;3, which must

maea!;ure tn. amplitudec of a si lni~l consisting of one miillisecondi pulses at a

repctiti.D)n freL, 1uenlCY of about 300 cps; these pulses arc emitteu by the ele ctric

(transniit-ar) or',,an. The information about the si -nal amplitude has to be coded

.ind trsn it~ own a sensory nree,- in the form of impulses withi a moximum

r.-te oi t'3e oL'.er of 500 cps. It w.as proposed in Rteference I that this could only

be done- 1)y I :irnot1in1 ~ the incon-in.1 pulses and tr.!nsmnittinP, a sensory nerve

si~nzil chaircteristic of their ine;,n value. An inte rrt,;ticn time constant of about

one .-uarter- 3ccofl was sur-:-ested for the srnoothin;, mechanism. This mechan-

ion was- refarrv- to in Ref-,sroace 2 ; s "pl~ulse-frecquency-mnodulaiti:,n" and was

cfmpa-red- the rein 'inan alte rn.,live inechanism called "tpulse -ph,-ase -modulation"i.

The e'cLnnsdescribed wer-, e si -med to distin .,uisih betwee.;n tL1. two

mechanismas. The experiments consisted of behavioral studies of Gyrnnarchus

in an electrolytic tank in which carbon plates were imriersed for the purpose

of *ppyin;t! ele-ctrical Ftix- -.li. The- stir ohul cornsiz-tc~l c-f (d~e~ w'hich

the freaviency, anmplitnude, and width wecre variablc. The fi -" vwar; traia'ed to

feerl onl,. after -ens inj, an applied ctin.-ilus. A,!r.iris'tratirn ef -a;n eccirical.

stimulus above threshold brought about a -- ar'ked it~creaso in t'-jc svv.i ing speed

-~f the fish, a direct approach to the fecding trough, and entry- from- the side
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farthest from tae carbon plates. I'her,:upon the fisih waz eu.. This was the

lstanu,;rd response,. Application ,f a sub threshold stimulus caused no

reacti' n and the fish continued to circle steadily. t w3s thus possible through

z series of trials to establish the thr-shol-! of each of several pulses of different

freque ncies and pulse widths.

'he thresiiold field for the standard responoe is plotted in Figure 7-3 as

a function 3f pulse width for three frequncies. "ihxe strai ht lines of slope (-1)

in(icate the relation to be expected on the basis of the pulse-frequency-modulation

hypothesis, ticir absolute position is chosen to give the best fit to all the results

di30laye, C Fhe horizontal line representing the threshold to d.c. agrees well

with tae pulse results, ,;,ch slupint; line cuttiul it -t the appropriate point.

Thus, (A. c. cn be reaar-ed as one-rrilli-3econl pulses at 1, 000 cps, or five

inillizecon-4 pulse.; at 200 cps, etc. it is clear th 't the r-sults are con3istent

with tue pulse -frecjucncy-nidLiilaticn mechanism.

Tho lotto," line in Fi:z. 7-3 ;-ives the threshold for sinJe pulses; the

authors interpr.At it a; further confirmation of the pulse-frequency-moaulation

hypotlie~is. From it.i position relative to those for repetitive stimulation, the

inte ,-ation tinme con.;tnt of the recepturs is found to be 25 milliseconds.
he r',- ults for a pulse repetition frequency of 50 ond 20 cps (not shown

in tahe fi :ure) in(icate that when the pulse width or interval become; comparable

withi t;i inte. ration time constant, tAe threshold is nc lon-ier inversely propor-

Li,)n.-, to pulse t: 4 uency. mnc ed, toe fish is more sensitive to 20 millisecond

pulsej at -0 cp.; th, n to u.C.

An e -Aa.nati,,n of this ,:nornoly can be (-iven on the pulse-frequency-

modu1,kti-,n loypothc is by a3surin thi ,t adaptation takes place before thQ trans-

r:issi n ol inforn:.tion up the nerv2 tu the CNS (central nervous system). When

the stimnulus i- iwitcl-,ed on, t-e receptors integrate with a time constant of 25

mnilliscu~nd.,, then send a si. nl to the CNS characteristic of the charge passed

i'rin; the inte !rticn. If the stiiulu3 is continued the signal gradually ceases.

Thus the ,sen.itivit', of the fisih to sinrle 20 and 50 msec pulses is about the

same ,.F to d.c. (Fig. 7.-3).
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Lf, howevcr, the stimnulu3 is 20 msec pulses at 20 cps, the reccptors will

send out a si-1na1 on the first pulse, re set durin-_ the interpulse interval, and

send out a further signal for each subsequent pulsQ. Thus the kzffoct at the GNS

of pulses 3paced sufficiently ;,part in timne will be .,rceater than that for a d.c.

stimulus of tie same voltage. The adaptation an(; resettin- time is not likely

to be less than the inte -ration timre, and the results from the experimnents indicate

tliat it is probably of the saiae ou~er. Thc authors anticipated undertaking

further r: seztrch in this area (Ref. 2).

In reconcilin their values of sensitivity, vi th the observed integration tim--e

consL~nts, the authors were forcted to assume spatial integration over some

50, 000 receptors. Mere ave-raginfg over such a larr-e number would N.Ietroy

some of th-, detail in the pattern of information about the; receptor field. Accord-

in ly, they suggest, it is ncessary to ,ssurne thrit the spatial intec-ration must

take thc form of it p ttern recognition orocess whereby the pattern of informa-

tion from the re ceptors is ide,-ntified with one of a series of s;tored patterns,

eithe--- innwitc Or previously learned. Such a process, they state, is forinally

identical with spatiald integration over a large number of rockptors.

'hc auwgestion that a patte.- n reco.Inition proce.-;G c'usts in these fish is

peril: ps the most intere-,stin ) feature of the object -loc:. tin,, system. As pointed u

in other sections of the pre-steni roport, pattern reco-nition i. )ne Df the crucial

ar1,eas f in ,-. hich we lack adequate understanding. i hus, althoug-h it is interestin-

thi. L th.; inu.ividual el-e:ctric;,l receptors can pribably detect chianges in potential

g-radie nt on the order of 0.15 ItV/cry, the potential opportunities for research in

the are a of pattern recogqnition may be more si,.nificant.

Thc .Aectric receptors thiemselves prnviue an opportunity to study the

cgencr-l methods of sensor operation. In Reference I it was s;hown that the

thrc!shold Of 3ensitivity of Gy1Lun.Lrcius corresponds to a chan:!e of current in a

single receptor of 0. 003 uuA, A current of this magnitude flowing for 25 msec

(receptor integration time) corresponds to a movemnent of 1000 univalent electrons.

The mechianism ',-y wvhich such - minute chan;,e in current c.: n control the

frequency of nerve imnpulscs remains3 totally unexplainod (Ref. 2).
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Most of the stuajes of electric fish are very recent. It is cdO;. r that

furthecr advances in this ar~ti of kn-wlcdeze will be of inte :rest to. the instru-

rnenta-.ion en"-,in-eer for its possibilitics, in introducing- new rchanisms for

13\d.-lezo .. Ai ;,nal proc,:ssin- as well snew insioght into the pzAttrn recognition

Lnethodzi oi n.Iture.

7. 2 Ma_,netic Sensurs

Mont rnery (Rcf. 3) raise-s the interesting point that claims of ma,-netic

field effect.,, on livin~s processei5 h, v-, historically bean associ;,ted with charlatan-

ismn, anuA that to this day they arc receiveo in many quarters with skepticism. No

onc _.uostions the- effect of g ravitational, electrical, or coacentration- gradient

fields on biological processes; yet magnetism, as fundamental a phenomenon as

the others, Ycts short shfrift. He expre-sses belief tha-t the comin" year will

produce a bodyi of new data that will support the- no~tion of biolul ical response

to magnct'ic fields, and in~.icates his, ownk inclination towrar.d a positive view on the

Thc material examined L.'r inc; this study (Refs. 4 throughI 6) consists of

o.<ten:ive beh'avioral studies of the sm~iil under the influence of nia-!netic fields.

Evidencc is tdv,)nced- to .3upport the llypothesis that the orientation of snails

narnially includecs a true rasponse to the,. earth'I s magnetic field (Ref. 4). Thd

'evidence is basedl upon statistical analysis of many samples of the sneails I

mnotions.

it is to-mpting, tc contemplate, the possibilities of applyin- sensitive biolog-

ical magne;tic detectors to suca probler. as submarind a'etection and navi;.-,ation.

From an n-inecrin, point if view, aoweve!r, the rese rch to (date is .)f interest

only in th..t it suggests that a useful natural phenomenon may exist. The fact

that no specific sensor has been identified with magnetic behavior makes it

clear that any en!gineering application of this biological process will have to be

preceded by considerable and additional research.
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8. Neuron Transmission

Nerve fibers in living organisms serve to convey information between the

brain (as well as certain other nerve centers) and the various sensing organs and

motor muscles throughout the body. The mechanism of conduction and trans-

mission in nerve fibers is unlike that of electronic conduction employed in our

technology.

The operation, even the very existence, of many of the interesting bio-

sensors depends on the peculiar characteristics of the nerve fibers that connect

them to the central nervous areas. Thus, for example, the eye is connected to

the brain by one million nerve fibers, each of which carries a signal which is a

response to a very small input stimulus, i.e. the arrival of 1-10 quanta at the eye. j

If the eye is to be duplicated in our technology, considerable attention will have to

be devoted not only to the sensor itself, but also to the information linkages con-

necting it to the rest of the system for which the sensor is intended. Further-

more, the use of such an artificial eye as a pattern sensor - one of the most

sought after facilities from the bio world - will surely require large scale logical

interconnections between the sensory elements of the eye. This would be cum-

bersome using electronic conduction and discrete logical elements. With analogs

of nerve fibers, logical circuits will be much easier to construct, since each

segment of a nerve fiber is, in a sense, a logical element.

In this section the mechanism of neural conduction is described and a useful

apptcation in our own technology of this method of information conduction is

discussed. Finally the general characteristics of man made nerve fibers are

considered.

8.1 The Membrane Theory (Bernstein) of Nervous Condition (Taken from Ref. 1)

"Conduction, according to this theory, is a surface phenomenon. The

nerve fiber is surrounded by a semi-permeable membrane or surface film which

is polarized when the nerve is at rest. That is, the surface film separates a

layer of cations on its outer side from a layer of anions on its Inner side. A

stimulus applied to the nerve increases the permeability of the membrane at
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the point of stimulation with the result that a redistribution of ions and depolari-

zation of the membrane occur. This point of the nerve becomes thereby relative-

ly negative to the inactive (polarized) section of nerve immediately adjacent. A

potential difference is set up and a current flows between the active and inactive

sections. This secondary current in turn causes depolarization and activation of

the adjoining region which, being now relatively negative to the next section,

results in a current being again set up between these two which depolarizes the

latter. Thus the currents set up between contiguous, inactive and active regions

serve as a successive stimuli and the wave of depolarizatiou spreads down the

nerve; the disturbance set up by the original artificial stimulus is in this way

propagated automatically (see fig. 8-I). The depolarized state persists for a

short time after the passage of the impulse; during this tirae the nerve is refrac-

tory. The return of excitability is dependent upon the restoration of the polarized

state. According to the membrane theory the nerve impulse is simply the pro-

pagated wave of depolarization."

"Perhaps the greatest support for the membrane theory is afforded by the

experiments of Lillie who has prepared a metal model which behaves in a manner

comparable to that of nerve. A film of oxide forms upon an iron wire placed in

strong nitric acid. When such an oxide-coated wire is then immersed in a weak

solution of acid, which would cause gradual solution of an untreated wire, no

reaction results. The metal is in a so-called passive state, being comparable to

a restin- nerve. When, however, the wire is ,,stimulated, "t e. g., touched at one

point with active iron or some other base metal, scratched with a piece of glass

in order to break the protective oxide film, or an electric current applied to it,

a reaction (electro-chemical reduction) is set up which, accompanied by effer-

vescence and the formation of a dark-colored lower oxide, sweeps down the wire.

If two parts of the wire be connected with a galvanometer a current flows through

the instrument during the spread of the reaction, If the acid bathing the wire is

of a certain concentration, the protective film reforms in the wake of the reaction.

If a second "stimulus,, is applied after the film has reformed, but not before, a

repetition of the phenomenon occurs. The resemblance of the reaction of the iron
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wire to the nerve impulse is very striking. Both are electrical in nature; the

film of oxide is analogous to the surface film postulated for the nerve fiber. So

long as the protective oxide is intact a potential difference exists between the

wire on the inside and the surrounding acid. Discontinuity at any point in the

film causes this region to become negative to other regions and a wave of depolar-

ization is propagated to the end of the wire."

_tI-

Fig. 8-1 Illustrating nervous conduction according to the membrane theory.

"In its behavior the wire model shows the following remarkable re -

semblances to that of nerve.

(I) The rate of propagation of the reaction is of the same order as that

of the nerve impulse.

(2) The ,,stimulus", must be of a certain intensity (threshold). A

stimulus greater than the threshold causes no greater effect ("all or none,

principle).

(3) The wire, as already pointed out, is irresponsive for a short

time after the reaction has passed (absolute refractory period); while the film is

reforming the reaction is set up with greater difficulty (relative refractory period).
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(4) when an electric current is employed to activate the wire it must

rise to its maximal intensity rapidly in order to elicit the reaction.

(5) The activating current must flow for a certain minimal length of

time (chronaxie)in order to produce the effect."

,In the wire model a demonstrable temporary break in the continuity of

the oxide deposit is produced. It is presumed that the excitation of -, nerve is

associated with a corresponding change (increase in permeability) in the surface

film surrounding the nerve fiber. Though such a permeability change has bean

demonstrated in certain slowly conducting protoplasmic systems, the eidence

for its occurrence in nerve is indirect. In the case of nerve and other proto-

plasrric systems the alteration in permeability is associated with chemical

changes - the processes underlying the excitation of nerve and the transmission

of the impulse are therefore, as in the case of the iron wire model, essentially

electrcchemical in nature, (Ref. 1).

8. 2 Application of the Neuron Transmission System

The contrast between the neural mechanism of information conduction and

the normal electronic method used in our technology is of great interest. Neuron

transmission involves, essentially the propagation of an electrochemical anomaly.

In some respects a nerve fiber may be thought of as the limiting form of a chain

of flip-flops in which the number of these logical elements per unit length has

become infinite. Individual nerve fibers are very small (e. g. the optic nerve

trunk is only a few millimeters in diameter yet it contains about a million individ-

ual fibers). The materials out of which nerves are made do not include very good

electronic conductors or insulators. The rate at which information is propagated

along individual nerve fibers is relatively small, of the order of 10-100 bits per

second. Thus, when large amounts of information have to be transmitted, as in
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the case of the retina/brai link"', recourse is made to the use of very large

numbers of individual fibers. In our technology such large data rates are nor-

mally transmitted over a single high frequency cable.

The contrast in information transmitting techniques between our own and the

bio-technology prompts the followin.- two questions:

a) Why are the techniques of our technology (which seem so

satisfactory) not used in the bio-technology?

b) Have the bio-techniques any useful application to our

own technology?

The answer to the first question can only be but speculative. The funda-

mental differences between the two technologies, as discussed in Section 1. 1,

are probably relevant. The bio world seems to be devoid of good electronic

conductors and insulators. High frequency techniques such as time division and

frequency division multiplex are nowhere evident. Thus, it may simply be the

:asc that the information transmitting techniques of the bio world are a natural

coll, :quence of its technological limitations.

However, the possibility remains that in some way the bio-techniques are

inherently superior to our own, and this leads naturally to the second question

posed above. To attempt an answer, it is necessary to postulate a specific

application or criterion for making comparison between the transmission tech-

niques. For this purpose the ability to transmit large amounts of information by

means of a cable of very small cross sectional area will be considered here as an

example. 'I Lis is not in any way a general criterion of usefulness, but it is

interesting, partly because of the inherent micro nature of the bio-technology,

and also because very high data rates per unit cross sectional area of cable may

well be required in computers of the fature: the trend in computer technology

is to smaller size and hi!her data rates and data volume.

There art marny practical limitations involved in the design of information

transmission systems However, the only fundamental limitation considered here

is thermal noise together with certain basic properties of transmission lines and

cables.

0
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Suppose that it is desired to transmit information between two points by

means of a very thin wire. la order to accomplish this, a certain minimum

signalling power is necessary so that the received signal may be at a desired

level above thermal noise. Thermal noise power is given by

W "= 4kTf

where k is Boltzmann's constant, T is the absolute temperature and f is the

bandwith over which the noise power is totalled.

Now with a very thia cable the problem of power dissipation in the cable,

due to ohmic losses, is important. As the cable gets smaller its resistance gets

higher and thus unless the load and generator impedances are made equally high,

more and more of the signalling power will be dissipated in ohmic losses in the

c-ble. However, making the terminal impedances high is not a profitable

solution for the case of high frequency transmission. Except at low frequencies,

the cable characteristic impedance must be matched to its terminal impedances,

and if these are high then so also must be the cable impedance. A high cable

characteristic impedance can be obtained by making the ratio of the diameter of

the overall cable (e. g. the outer conductor of a coaxial cable) much larger than

the diameter of the individual conductor (s) (e. g. the center conductor in a

coaxial cable). Thus, if there is to be fixed value of overall cable cross sectional

area, the impedance of the cable can be increased by using a conductor (s) with

a cross sectional area much smaller than this available area, the rest of the

space being filled with air or other dielectric. Thus, any attempt to make a high

impedance cable results in an increased value of ohmic resistance which in turn

requires higher terminal impedances. Beyond a certain point this solution is

self defeating. What is required, of course, is a minimum value of the ratio:

ohmic resistance of cable conductor
characteristhc Impedance of cable

8-6



ALLIED RESEARCH ASSOCIATES, INC. -
BOSTON. MASSACHUSETTS

for a given overall cable size. This minimum value exists, and in the case of a

coaxial cable, occurs when the characteristic irnpedance is 77 %f-7/ ohms
0

where c is the permitivity of the dielectric and e is the free space perinitivity.

Thus, with high frequency transmission, most of the signalling.power will

be dissipated in ohnmic losses in the cable as soon as the ohmic resistance of the

cable is higher than 100-1000 ohms.

The thinner the cable the more power will have to be transmitted - in order

that the received signal mnay be above the noise. A higher power requires a higher

volta .e. However, as the cable is made smaller its power handling and voltage

handling capacity will decrease. Thus, there is a physical limitation to how small

a sinaliing cable can be made. It has been shown how this limitation involves

inherent thermal noise and the thermal and electrical properties of the material

out of which the cable is made.

With low frequency signalling the cable characteristic impedance does not

have to be matched to its terminations, However, general limitations can be

dscovered to limit the degree to which the size of the cable can be reduced.

Thus, as the cable is made snaller, its ohmic resistance will increase, the

resista-lce of the terminations must be increased, the voltage for a given trans-

mitted power level will increase - and at the same time, the breakdown voltage

for the cable will decrease because of its small size. Also, the self capacity

and inductance of the caile will, in relation to the impedance of the terminations,

restrict the frequency bandwidth - which is another way of saying that at high

frequencies the cable and its terminations rmust be matched.

These ,erieral considerations can be made clearer by considering a specific

example. Suppose the cable is I meter long with a diameter of 10- meters.

The D. C. resistance of this wire will be
1xlO Xl

( = ohms
A ir/4 10-16

2 X 108 ohms

If the cable is coaxial, or in the form of a strip transmission line, its character-

istic impedance will be of the order of 100 ohms (for minimum loss). The
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atteuaation due to Ohmic losses (as a voltage ratio) of such a cable is gives by:

4 X 10 8x2 x l~ox
106 2 x 106 x

e - e

where x is the length of the cable. For lengths greater than 10-' meters, the

atlenuation is very great. In order to receive over a length of one meter (without

the use of repeaters) I signal power equal to the thermal noise power, the trans-

liitted power must be

4 x106  4x× l'
e X WN = e 1.6 X10-2 0 watts

(where W N has been evaluated at room temperature). Thus, for any practical

)andwidth (f) the transmitted power level must be impossibly high. Itis clear,

of course, that this type of cable can only be used with repeaters every 10- - 10

meters. (It can be shown that the total repeater power is minimized when the

-temnation between repeaters is e times).

Consider now this same cable used for low frequency signalling between

impedances of approximatel7 2, X 108 ohms. The signalling voltage is give.n by

Y-2 - 1.6 X 10-13 f10 8

i. e. V '- 10 - fT volts

The potential gradient in the cable is then

V/10 -8  - 102 I f- volts/meter

Thus, voltag;e breakdown will be a limnitation only at very large bandwidths (f).

As shown below other limitations are important for much lower values of f.

Thu capacity of a coaxial cable or any two wire line is given, approximately,

by

C I Xl0- 9 farads/ reter

b o

e
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where b is the overall cable diameter and a is the conductor size. A low capacity

requires a high value of b/a, which for a given value of b leads to a mmall value foi

a. This is the same situation as discussed earlier for characteristic impedance,

and there again is an optimum value of b/a (= 3. 6). Thus,

C n- 110 -9 farads/meter

For a one meter length of cable

C - 50 X 10-11 farads

The frequency at which the DG resistance of the cable ( 2 X 108 ohms) equals the

reactive impedance of the self capacity is given by

1w ==1I0?

5 X l0 - X 2 X 108

i.C. f "- 16 cps

At frequencies much above this value, the self capacity of the cable is important,

and will -ivc rise to (linear) distortion and attenuation.

It is concluded that satisfactory transmissioa over such very thin cable, of

all but very low information rates, is possible only when larger numbers of

repeaters are used. Such a cable, with repeaters, would, of course, be a very

close analo, of a nerve fioer. Thus, it is apparent that the neuron technique

of information transmission may well have an application in our technology. The

requirement for this type of wire and associated fabrication techniques probably do

not exist at the present time, but are very likely to within a decade.

As meatiomed previously a capability in neuron tecaiques will be required

if ever close analogs of bio sensors such as the eye are to be built. The same

problems will exist as discussed above, i.e. the propagation of large amounts

of information over very thin cables.
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8. 3 The Neuristor

In the preceeding part of this section it has been shown that a useful appli-

cation may soon exist for a man made version of a nerve fiber. Such a device
has already been postulated (Ref. 2), and named the neuristor.

9A neuristor may be visualized as a one-dimensional channel along which

signals may flow. A signal propagates along the channel in the form of a dis-

charge, followed by a "refractory" period, during which time a second discharge

cannot be supported. The mode of discharge propagation is somewhat analogous

to that which occurs along a (pyrotechnic) "fuse, " except that in the neuristor

the channel exhibits perfect "healing". The refractory period can be thought of

as the time of healing.'

A discharge signal has the following properties: 1) attenu-Ltion free

propagation, 2) uniform velocity of propagation. 3) a refractory period.!

'These characteristics are somewhat similar to the gross properties of

trasion of discharge pulses by neurons i the nervous system - hence

the name neuristor. A neuristor may be thought of as an electronic counterpart of

the ionic neuron (in particular, the portion of the neuron that carries the propa-

gating discharge).

In a sense, a neuristor may be considered to be a distributed version of a

chain of suitably interconnected lurnped-circuit monostable circuits. i)evices of

this type may be realized in many physical forms and may be based on many

physical phenomena."
"The basic requirements for the realization of such a device are: 1) a

distributed energy source, Z) a distributed energy storage. 3) a distributed active

device" (i~ef. ZZ).
The following conditions are considered to define, in general terms, a

one dimensional neuristor.
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I. The ncuristor is thought of as a uniform thin wire, the

properties of which (e. g. temperature, voltage) vary

only along its axis.

2. A qunlity, or state, of the wire is recognized and denoted

numerically by S. (e.,. , S could be temperature in degrees

ceutifrade or volts).

3. Associated with this state is a current or flux denoted by f.

(e. 2. , f could be calories per second or amps).

4. Laws of propagation in the wire are defined. For example,

dS
(i) f &-kI TX (e. g. Ohm's Law)

(ii) dS = -k 2 df

J. When S )S the state of the wire changes immediately to S

Ths will be an active (rather than passive) effect and will

involve an influx of ener-y.

h. The level, So , at which this unstable change occurs is a

function of the time (tL) since it last occurred. (See

Fig. 8. 2). Thus, immediately after an unstable change in the

state of the wire, the conditions necessary for the maintenance

of S it SA arc destroyed.

It is to be noted that the energy contained in a pulse transmitted down a

neuristor (or a nerve fiber) does not come from the input to the neuristor cable,

as is the case for a pulse on an ordinary coaxial cable. It comes rather from the

active device or medium associated with the neuristor. At any time, the pulse

itself will rapidly die out due to dissipation. It is howeer, continuously re-

generated by the active mechanism. Thus, during the conduction of signals,

power is bcing supplied continuously by the active medium and in this sense the

medium resembles the DC power supply of an amplifier. In the numerical

exax-,ple quoted above, the power dissipation in the very thin copper cable was

*shown to be according to the law
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pout = Pia 1

Thus, the space rate of loss of power is

d Pout XX10 6 e 2106 x

Thus, to maintain a constaiit pov.er level equal, say the thermal noise level,

WN, the repeaters must generate

W N X 2 X l0 watts per meter length of cable

1. 6 X 10-20 X f X 2 X 106 (at room temperature)

3. 2 X 10-14 f watts/per meter of cable.

The volume of the cable is 10-1 cubic meters per meter length, thus, the repeater

power may be expressed as

3. 2 X 10'<f watts per cubic meter of cable.

It is interesting to compare this figure with the quoted value of heat generation in

a nerve. The resting sciatic nerve of the frog in oxygen generates about

70 X 106 calories per gram of nerve per second (Ref. 1). During stim-lation In

oxygea. atthe rate of Z80 shocks per second. an increase iaheat productionoccurs of

40 X 106 calories per gram of nerve per second. Taking the density of nerve

fiber as 1 gram/cc, stimulation at 280 shocks per second requires 4 X 10

calories per cc i. e., 4.19 X 4 X10 - watts per cubic centimeter i.e.

16. 8 X 10 watts per cubic meter. Dividing this by 280 to introduce the bandwidth

f, this figure becomes 6 X l0 -1 Xf watts /cubic meter - which is really quite close

to the figure 3. 2 X 102, f watts/cubic meter for the thin copper wire.

8. 4 Practical Realization of a Neuristor

What is in effect a neuristor has already been described, namely the iron

wire in nitric acid.
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For applications postulated in this report the neuristor ,,wires" should be

very thin and capable of being packed very closely together. One of the most

promising methods of construction would be by the deposition of thin films, in

strip form, as illustrated in figure 8. 3. It is postulated that the necessary act-

ive and son linear characteristic of the neuristor(properties 5 and 6 of the list

given in Section 8. 3 can be -ttained by some complex of semiconductor materials

lilliii, tle sp:ice bet.veen the t,vo si~nal conductors ni the po.er supply

conductor.

0
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9. Summary

The study reported here represents a substantial beginning in what should

be a continuin- effort to organize the pertinent data from the biological sciences

into a body of knowledge that is meaningful in the field of instrumentation. The

exploitation of biomechanisms in this manner has a potential of yielding superior

classes of instruments that may be applied to the rapidly broadening spectrum of

parameters to which mankind will so shortly be exposed.

It is not overdramatizing to say that a new era of instrumentation is at

hand. At the present moment there are at least three frontiers beyond which there

are countless new instrumentation requirements not yet conceived. The most

obvious of these is the exploration of space, both by manned expeditions and auto-

matized instrument probes. The new environment, the number and complexity of

desired measurements, and the necessity for long life with maximum economy of

power and payload, all present us with a challenge to utilize all techniques at our

disposal.

0A second example, perhaps a little less demanding of our skill in minia-

turization, is that of underseas exploration. It has recently become widely evi-

dent that a world as strange and unknown as outer space resides in the depths of

our oceans. New forms of life, vast sources of food and energy and other vital re-

sources abound here. It is likely that this domain will provide both the new vari-

ables to be measured, and in some cases the new means of measurement.

The third example exists physically right in our midst. Man has barely

discovered a frontier in the realm of data handling and processing. ,lthough

several order-of-magnitude advances have been made since the first electronic

digital computers of little more than a decade ago, they are childs' play when put

up against our rapidly unfolding awareness of thin,,.s that ought to be done. The

early computers so impressed the world with their facility that they acquired the

name "giant brain." It quickly became apparent that this name represented their

most dire shortcoming -- they were indeed giant. Yet today, scaled down many

decades in physical size, they are barely able to be applied to the crudest attempts

at imitating the thought processes or the pattern-recognition characteristics of

animals.
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To these examples, and other frontiers that they representt, the application

of biomechanisms or their models seems inevitaule. The iknmediat inet iods of

application are, unfortunately, not always apparent. The purpose oi tiie present

study has been to establish some preliminary luidlines for an interdisciplinary

endeavor of this sort, and to accumul-xte a body of data with which to begin.

0
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10. Ilecomr-riendiations

The: pr-climinary nature of this study haz; bce.-n emphasized at several
poitsin hi reor. it is readily apparent th.- au',itional work, beyond thiit

alrciody uonu, will be nccaCd if the potcnial valuc of this prog-ram is to be

realized. A. substantial investment iias already been made in aevelopin:7 an

nppr(oaci pliilo.3ophiy and establishin,' 5uitablc cominunicattion be tween the several

disciplines involved, J lis inve-stment provides the basis for a continuedI ;.ni

acceic ratced anztlyis Of the tolZ spcctrurn of biolo.-ical sensors, co)vermn,.IA

broaid r..-n ,c of senscd par-inicters ias well as the in',ividual variatijns in Sensors

frm phylum to phylum. Such a continued effort ,,ould provide the opportunity

to study an-. evaluate inore fully somie of the inecii.:nical, electronic, and chern-

.0 ~ ic I variations that could be sc.tnn,2" only cursorily in tthe vwo.rk to dite. It would

also pe riait a more specificailly 'let iled1 inva tit. ion -f oth ,r areas.

in or..±cr, then, that the- tot 1 po)tential of tiis interdisciplinary endo-c1vor

11-1,y fx ully exploiteu, it is reconmendedl tha.-t theo study bc! co)ntinuued ant!

ect.-endoed, p -rticularly to include:

1. Fu.-tier development of pre desin an(! -e.i-~n crite-ria.

Fu-ther work )n the bilbliogr; phy.

a. keepin5 it current anmi supplenitntin, %veaker aar:s,

b. enlar,,in_ the! scope to include reports on :;overnnment spani )re,

work, and forei ,n literxoture, ::specially Russ;ian.

3 .mora careful look -!t less fam~iliar catec-ori-S of the -;nsc',

paramete:rs as well as phyl; differoncis.

~.A look at biosensorG in thel co.nte.-zt of their rekztions to o)ther

bioprocesses, i.e , system or~ianization.

*5. A. more detAaileca investi-,ation of design possibilities for specific

application to manned space fli--ht.
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